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INTRODUCTION
T h e re  p e r h a p s  was n e v e r  made a  m ore  e p o c h m a k in g  a n n o u n c e ­
m en t i n  t h e  h i s t o r y  o f  t h e  c a s t  i r o n  i n d u s t r y  a s  t h a t  made b y  
M o rrog h  a n d  h i s  a s s o c i a t e s  a t  t h e  P h i l a d e l p h i a  m e e t i n g  o f  t h e  
A m e r ic a n  Foundryraen*© A s s o c i a t i o n  on  May 7 ,  1 9 4 8 .  On t h a t  
o c c a s i o n  . th e y  a n n o u n c e d  a  p r o c e s s  f o r  t r e a t i n g  c a s t  i r o n  t o  
p r o d u c e  n o d u l a r  g r a p h i t e  i n  t h e  tta s  c a s t ” c o n d i t i o n .  T h i s  
a n n o u n c e m e n t  was q u i c k l y  f o l l o w e d  by  a  s i m i l a r  s t a t e m e n t  b y  
W ic k e n d e n  o f  t h e  I n t e r n a t i o n a l  N i c k e l  Company a n n o u n c in g  a  
s i m i l a r  p r o c e s s  o b t a i n i n g  s i m i l a r  r e s u l t s  b y  t h e  u s e  o f  a n ­
o t h e r  e l e m e n t .
T he h i s t o r y  o f  t h e  c a s t  i r o n  d e v e lo p m e n t  c a n  b e  r o u g h l y  
d i v i d e d  i n t o  t h r e e  p e r i o d s .  I n  t h e  f i r s t  c a s t  I r o n  w as t a k e n  
f o r  w h a t  i t  was w o r th  and  u s e d  a s  s u c h ;  i n  t h e  s e c o n d  p e r i o d ,  
a t t e m p t s  w ere  made t o  im p ro v e  i t s  p r o p e r t i e s  b y  a l l o y  a d d i ­
t i o n s  on  t h e  l i n e  o f  a l l o y  s t e e l s ;  and  i n  t h e  l a s t  p e r i o d  
s t a r t i n g  j u s t  a f t e r  W o rld  War I ,  I t  was r e a l i z e d  t h a t  t h e  
s t r e n g t h  o f  t h e  I r o n  d e p e n d s  u p o n  t h e  s t r e n g t h  o f  I t s  w eak­
e s t  c o n s t i t u e n t  —  t h e  g r a p h i t e  f l a k e s ;  and  a t t e m p t s  w ere  
made t o  m o d i f y  t h e  s h a p e ,  s i z e ,  a n d  d i s t r i b u t i o n  o f  g r a p h i t e
r
f l a k e s  b y  v a r i o u s  i n o c u l a n t s *  P e r h a p s  t h e  m o s t  I m p o r t a n t  o f  
t h e s e  i n o c u l a n t s  was C a lc iu m  s i l l c l & e  u s e d  i n  t h e  M e e h a n i te  
p r o c e s s ,  w h ic h  r a i s e d  t h e  p r o p e r t i e s  o f  g r a y  c a s t  i r o n  t o  a n  
a p p r e c i a b l y  h i g h e r  l e v e l .
The m e t a l l u r g i s t  h a d  l o n g  r e a l i z e d  t h a t  t h e  g r a p h i t e
f l a k e ©  c o n t r i b u t e  t h e  m o s t  t o  t h e  w e a k n e ss  o f  t h e  i r o n  b y  
I n t r o d u c i n g  d i s c o n t i n u i t y  among t h e  m e t a l l i c  g r a i n s .  I t  w as 
a l s o  r e a l i z e d  t h a t  t h e  b e s t  f o r m  o f  g r a p h i t e  i n  a n y  i r o n  
w o u ld  b© t h a t  i n  w h ic h  i t s  s u r f a c e  t o  vo lu m e  r a t i o  i s  t h e  
l e a s t - w h i c h  fo rm  I s  a  s p h e r e *  Such  a  fo r m  e x i s t i n g  I n  
t e m p e r e d  m a l l e a b l e  i r o n s ,  was s e e n  to  e x e r t  t h e  l e a s t  h a rm ­
f u l  i n f l u e n c e  on  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  th e  i r o n ;  i t  
was t h e  i d e a l  o f  t h e  m a l l e a b l e  I r o n  man and a  d re a m  o f  t h e
v
g r a y  c a s t  I r o n  m an. The a n n o u n c e m e n t  t h a t  s u c h  a  f o r m  o f  
g r a p h i t e  c o u l d  be o b t a i n e d  I n  i t s  e n t i r e t y  i n  11 a s  c a s t ” c o n ­
d i t i o n  b r o u g h t  a  s u d d e n  a w a k e n in g  I n  t h e  f o u n d r y  I n d u s t r y .
I t  b r o u g h t  a  j u b i l a t i o n  I n  t h e  g r a y  I r o n  fo u n d r y m e n ,  a n d  a p ­
p r e h e n s i o n  a m o n g s t  t h e  m a l l e a b l e  a n d  t h e  s t e e l  f o u n d r y m e n .
T h a t  a n n o u n c e m e n t  t o d a y  i s  two y e a r s  o l d .  The w id e  a t ­
t e n t i o n ,  r e s e a r c h ,  and  a p p l i c a t i o n  s t u d i e s  t h a t  t h i s  new
m a t e r i a l  r i g h t f u l l y  d e s e r v e d ,  h a s  t o  a  c o n s i d e r a b l e  e x t e n t
*
rem o v e d  t h e  a p p r e h e n s i o n s  a m o n g s t  v a r i o u s  s e c t i o n s  o f  t h e  
i n d u s t r y .  I t  h a s  b e e n  r e p o r t e d  t h a t  many m a l l e a b l e  i r o n  
f o u n d r i e s ,  r e c o g n i z i n g  t h e  s u p e r i o r  m a t e r i a l ,  h a v e  s t a r t e d  
p r o d u c i n g  i t  a l o n g  w i t h  t h e i r  o r i g i n a l  p r o d u c t*
A c a r e f u l  s t u d y  o f  t h e  p r o p e r t i e s  o f  th e  new m a t e r i a l  
r e v e a l s  o ne  v e r y  i m p o r t a n t  f a c t  —  t h a t  n o d u l a r  I r o n  h a s  a  
p l a c e  o f  i t s  own, t h a t  I t  f i l l s  a  g r e a t  gap  e x i s t i n g  b e tw e e n  
o r d i n a r y  c a s t  I r o n  a n d  c a s t  s t e e l .  I t  e n j o y s  t h e  p r o c e s s  
a d v a n t a g e s  o f  c a s t  i r o n  s u c h  a s  c a s t a b i l i t y ,  an d  f l u i d i t y ,  
w i t h  t h e  p r o d u c t  a d v a n t a g e s  o f  s t e e l .  L a t e l y  a s  a  r e s u l t  o f
e x t e n s i v e  a p p l i c a t i o n  t e s t s ,  i t  h a s  b e e n  r e p o r t e d  t h a t  i n ­
s t e a d  o f  r e p l a c i n g  a n y  o f  t h e  p r e s e n t  c l a s s e s  o f  f e r r o u s  
c a s t i n g  a l l o y s ,  t h e  new m a t e r i a l  i s  c a p t u r i n g  new f i e l d s  an d  
b r i n g i n g  new  b u s i n e s s  t o  t h e  f o u n d r y  i n d u s t r y *
M e a n w h ile ,  t h e  p r o c e s s  i s  b e i n g  r a p i d l y  d e v e l o p e d  i n  
a l l  i m p o r t a n t  f i e l d s .  T r e a tm e n t  o f  b l a s t  f u r n a c e  m e t a l  
d i r e c t l y  a s  i t  comes o u t  o f  t h e  f u r n a c e  a n d  c a s t i n g  i t  i n t o  
i n g o t s ,  s l a b s ,  a n d  b i l l e t s  t o  b e  s u b s e q u e n t l y  r o l l e d  i n t o  
h e a v y  s e c t i o n s  u s e d  i n  h e a v y  i n s t a l l a t i o n s ,  h a s  b e e n  p r o p o s e d  
a n d  t r i e d  w i t h  some s u c c e s s .  S e a r c h  I s  a l s o  g o i n g  o n  f o r  a  
b e t t e r  m ethod  f o r  t h e  I n t r o d u c t i o n  o f  t h e  n o d u l l z l n g  a g e n t s  i n ­
t o  t h e  i r o n  and  t h e  o b t a i n i n g  o f  d e p e n d a b le  r e c o v e r i e s .  T h i s  
I s  v e r y  i m p o r t a n t  f o r  p o p u l a r i t y  o f  t h e  m e th o d  a s  u p o n  i t  d e ­
p e n d s  t h e  t r e a t m e n t  c o s t  a n d  t h e  e r a d i c a t i o n  o f  th e  c r i t i c i s m  
t h a t  i t  i s  a  “Cook Book” p r o p o s i t i o n .
I n  t h e  f o l l o w i n g  p a g e s  a n  a t t e m p t  h a s  b e e n  made t o  s t u d y  
c r i t i c a l l y  t h e  work d o n e  t o  d a t e  on  t h i s  i m p o r t a n t  m a t e r i a l .
The l a t e r  p o r t i o n  c o n c e r n s  I t s e l f  w i th  t h e  e x p e r i m e n t a l  w ork  
d o n e  b y  th e  a u t h o r  u n d e r  t h e  a b l e  s u p e r v i s i o n  o f  P r o f e s s o r  
C l a r k  B. C a r p e n t e r .  Y&iereas t h e  s u r v e y  o f  t h e  l i t e r a t u r e  o n  
t h e  s u b j e c t  i s  e x h a u s t i v e ,  th e  s c o p e  o f  t h e  e x p e r i m e n t a l  w ork  
h a s  b e e n  l i m i t e d  by  t h e  a v a i l a b l e  t im e  a n d  f a c i l i t i e s .
PART I  
SURVEY OF LITERATURE
CHAPTER I  
THEORIES ON NODULIZATIOH OF GRAPHITE
I t  i s  n o t  i n t e n d e d  to  go I n t o  t h e  d e t a i l s  o f  t h e  v a r i o u s  
t h e o r i e s  a d v a n c e d  t o  e x p l a i n  t h e  phenom ena  r e s u l t i n g  I n  n o d u ­
l a r  s t r u c t u r e  i n  c a s t  i r o n s .  S u c h  a n  u n d e r t a k i n g  c a n  n o t  be  
j u s t i f i e d  on  g ro u n d  o f  i t s  v a g u e n e s s  a n d  on  t h e  g ro u n d  o f  
l a c k  o f  c o n v i n c i n g  e v id e n c e  t o  s u p p o r t  t h e  t h e o r i e s #
To s t a r t  w i t h  i t  s h o u l d  be  b o r n e  i n  m ind  t h a t  t h e r e  h a s  
b e e n  a l a c k  o f  u n a n i m i t y  c o n c e r n i n g  t h e  m ec h an ism  o f  g r a p h i t e  
f o r m a t i o n  i n  o r d i n a r y  g r a y  c a s t  i r o n s .  A l th o u g h  B o y le s  
t r e a t i s e  on  t h e  s u b j e c t  I s  v a l u e d  f o r  I t s  e x h a u s t i v e n e s s  y e t  
t h e  d i s c r e p a n c i e s  i t  n e g l e c t s  a r e  t o o  many a n d  o n  t h e  o t h e r  
h a n d  few  o t h e r  s e q u e n c e s  s u g g e s t e d  i n  t h e  s o l i d i f i c a t i o n  o f  
t h e  i r o n s  c a n  p r o d u c e  no  l e s s  c o n v i n c i n g  p r o o f  i n  t h e i r  s u p ­
p o r t #
C o n s i d e r i n g  f o r  e x am p le  a  h y p o e u t e c t i c  i r o n ,  t h e  s o l i d i ­
f i c a t i o n  w o u ld  p r o c e e d  a c c o r d i n g  t o  B o y le s*  t h e o r y  i n  t h e  
f o l l o w i n g  s e q u e n c e s :
1 .  P r i m a r y  a u s t e n i t e  f r e e z e s  o u t  I n  t h e  fo rm  o f  d e n ­
d r i t e s ,  w h ich  c o n t i n u e  t o  g row  down t o  e u t e c t i c  te m ­
p e r a t u r e .
2 .  C r y s t a l l i z a t i o n  o f  t h e  e u t e c t i c  l i q u i d  b e g i n s  a t  
c e n t e r s  w h ic h  grow  e q u a l l y  I n  a l l  d i r e c t i o n s  f o r m ­
i n g  a c e l l  l i k e  s t r u c t u r e *
3 .  S e g r e g a t i o n  t a k e s  p l a c e  I n  two s t a g e s :
a .  B e tw ee n  t h e  p r i m a r y  d e n d r i t e s  a rd  t h e  l i q u i d ,
b .  From  t h e  c r y s t a l l i z a t i o n  c e n t e r s  o f  t h e  e u ­
t e c t i c  i n t o  t h e  b o u n d a r i e s  o f  t h e  c e l l .
4 .  C o n s t i t u e n t s  fo rm e d  d u r i n g  t h e  f r e e z i n g  o f  t h e  
d u t e c t i c  o c c u p y  t h e  i n t e r s t i c e s  o f  t h e  d e n d r i t e s .
The g r a p h i t e  f l a k e s  a n d  t h e  p h o s p h id e  e u t e c t i c  a r e  
t h u s  r e s t r i c t e d  b y  t h e  s i z e  and  t h e  d i s t r i b u t i o n  o f  
d e n d r i t e s *
5 .  G r a p h i t e  f l a k e s  do n o t  b e g i n  t o  fo r m  u n t i l  t h e  
e u t e c t i c  b e g i n s  t o  f r e e z e .  As so o n  a s  t h e  e u t e c t i c  
i s  c o m p l e t e l y  f r o z e n ,  t h e  f l a k e  s t r u c t u r e  i s  e s s e n ­
t i a l l y  c o m p l e t e .  The f l a k e s  g row  r a d i a l l y  f r o m  th e
, c r y s t a l l i z a t i o n  c e n t e r s  o f  th e  e u t e c t i c  o u tw a rd  i n ­
to  t h e  s u r r o u n d i n g  l i q u i d ,  r e s u l t i n g  i n t o  a  w o h r l  
s t r u c t u r e •
M o rro g h  a n d  W i l l i a m s - ^  h o w e v e r  h a v e  l i s t e d  42 phenom ena  o b -
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s e r v e d  I n  t h e  m e t a l l u r g y  o f  c a s t  i r o n s ,  which- a r e  y e t  u n e x ­
p l a i n e d .  R l l e y S /  h a s  d i s c u s s e d  t h e  g r a p h i t e  s t r u c t u r e s  a n d
2 /  R i l e y ,  H. L ,;  F u e l  i n  S c i e n c e  and  P r a c t i c e ,  v o l .  2 4 ,  p p .  
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h a s  p r o v e d  t h a t  I t  h a s  l i k e  n a t u r a l  and  s y n t h e t i c  g r a p h i t e s ,  
a  l a y e r e d  h e x a g o n a l  s t r u c t u r e ,  w h ic h  s h o u l d  be g i v e n  d u e  
c o n s i d e r a t i o n  i n  f o r m u l a t i o n  o f  a n y  h y p o t h e s i s .  I t  i s  I n ­
t e r e s t i n g  to  r e c a l l  here t h a t  c a l c i u m  s i l i c l d e  - -  c a s t  I r o n  
I n d u s t r y 1s m o s t  s p e c t a c u l a r  i n o c u l a n t  b e f o r e  th e  d i s c o v e r y
o f  m a g n e s iu m , h a s  t h i s l a y e r e d  h e x a g o n a l  s t r u c t u r e *  The c a r ­
b on  a to m s  l i e  i n  a  s e r i e s  o f  p a r a l l e l  s h e e t s  I n  w h ic h  t h e y  
a r e  a r r a n g e d  a t  c o r n e r s  o f  s e t s  o f  r e g u l a r  h e x a g o n s *  The 
c a r b o n  a to m s  I n  t h e  l a y e r s  a r e  s p a c e d  c l o s e l y  t o g e t h e r  a s  
c o m p a re d  w i t h  t h e  s p a c i n g  b e tw e e n  a d j a c e n t  p l a n e s *  T h i s  
p e r m i t s  e a s y  s l i p s  a l o n g  t h i s  p l a n e  and  a l s o  a c c o u n t s  f o r  
t h e  m e c h a n i c a l  p r o p e r t i e s  o f  g r a p h i t e *
R e a l  I n i t i a t i o n  o f  t h e  s t u d y  o f  t h e  g r a p h i t e  f l a k e s  
u n d e r  m e t a l l o g r a p h  was made p e r h a p s  b y  M o rro g h ,  who b y  a n  
e l a b o r a t e  p o l i s h i n g  t e c h n i q u e  n o t  o n l y  p r e s e r v e d  t h e  g r a p h i t e  
i n  p l a c e  b u t  a l s o  b r o u g h t  o u t  i t s  p r o n o u n c e d  a n i s o t r o p i c  
- c r y s t a l l i n e  s t r u c t u r e *  H is  t e c h n i q u e s  h a v e  s e r v e d  a s  v e r y  
u s e f u l  a i d s  I n  th e  s t u d y  o f  t h e  n o d u l a r  s t r u c t u r e s  o f  
g r a p h i t e *  W ith  t h e s e  m e th o d s  M o rro g h  s t u d i e d  t h e  d i f f e r e n t  
i n t e r n a l  s t r u c t u r e s  I n  t h e  g r a p h i t e  m a s s e s ;  and  l a t e r ,  w h i l e  
s t u d y i n g  t h e  g r a p h i t e s  i n  n i c k e l - c a r b o n  a n d  c o b a l t  c a r b o n  
s y s t e m s ,  h e  o b s e r v e d  p r o n o u n c e d  t e n d e n c i e s  on  t h e  p a r t  o f  
t h e  g r a p h i t e  t o  n o d u l i z e *  K e e p in g  t h e  s u l p h u r  c o n t e n t  low  
t h e  B r i t i s h  w o r k e r s  c o u l d  d u p l i c a t e  t h e  f o r m a t i o n  o f  n o d u l e s  
b y  s i m p le  c r i t i c a l  c o o l i n g  o f  t h e  c a s t  I r o n s .  L a t e r  W i l l i a m s  
w h i l e  s t u d y i n g  t h e  e f f e c t s  o f  s m a l l  a m o u n ts  o f  a l l o y i n g  e l e ­
m e n ts  o n  i r o n  c a r b o n  a l l o y s  c o n f i r m s  t h e  t e n d e n c y  o f  t h e  
g r a p h i t e  t o  b e  p r o f o u n d l y  a f f e c t e d  b y  t h e  p r e s e n c e  o r  a b ­
s e n c e s  o f  s u l p h i d e s *  1/
1 /  W i l l i a m s ;  J o u r n a l  o f  th e  I r o n  a n d  S t e e l  I n s t i t u t e ,  A p r i l  
1950*
The d e l a y  I n  t h e  f o r m a t i o n  o f  g r a p h i t e  due  t o  t h e  c a r ­
b i d e - s t a b i l i z i n g  e f f e c t  o f  t h e  n o d u l i z i n g  a g e n t s  fo rm s  t h e  
b a c k b o n e  o f  t h e  t h e o r y  p u t  f o r t h  b y  M orrogh* o t h e r  w o rds  
w i t h  some m o d i f i c a t i o n ,  t h e  m e t a l l u r g y  o f  n o d u l i z a t i o n  i s  
s i m i l a r  t o  t h a t  o f  th e  r a a l l e a b l l z i n g  p r o c e s s *  The t r e a t e d  
i r o n  s o l i d i f i e s  w h i t e ,  and  I n  l a t e r  s t a g e s  t h e  m et a s t a b l e  
c a r b i d e s  \ sh ic h  a r e  s u p e r c o o l e d ,  a r e  b r o k e n  u p .  The s h r i n k ­
i n g  c h a r a c t e r i s t i c  o f  t h e  t r e a t e d  i r o n  i s  p e r h a p s  t h e  b e s t  
d i r e c t  p r o o f  I n  I t s  s u p p o r t*  F u r t h e r ,  s e c t i o n s  t h i n  e n o u g h
t o  c o o l  w h i t e ,  h a v e  u p o n  a n n e a l i n g  b r o k e n  down i n t o  n o d u l a r  
*
g r a p h i t i c  o n e s  w i t h  a  r a p i d i t y  t h a t  i s  n o t  c o m p a r a b le  t o  a n y  
m a l l e a b l l z i n g  c y c l e ,
",:t )n  t h e  o t h e r  h a n d  e v i d e n c e  i s  on  r e c o r d ,  w h e re  n o d u l e s  
o f  g r a p h i t e  h a v e  show n p r o n o u n c e d  s e g r e g a t i o n s  when f o r c e d  
t o  do  so*  D© S y i /  h a s  p r o d u c e d  l a r g e  i n g o t s  o f  n o d u l a r  I r o n
V  De S y , A l b e r t ;  C o r r e s p o n d e n c e , M e ta l  P r o g r e s s ,  v o l .  5 7 ,
No. 1 ,  J a n u a r y  1 9 5 0 ,  p .  7 9 .
a l l o w e d  t o  c o o l  s l o w l y ,  a n d  h a s  r e p o r t e d  p r o n o u n c e d  s e g r e g a ­
t i o n  o f  n o d u l e s  i n  t h e  to p  o f  t h e  m o u ld .  C e n t r i f u g a l  c a s t i n g s  
show a  l a r g e  nu m b er  o f  n o d u l e s  I n  th e  I n t e r i o r  w a l l ,  a n d  f e w ­
e r  I n  t h e  o u t e r  m o s t  p o r t i o n .  ■ A f o u n d r y  h a s  c o m p la in e d  o f
t r o u b l e ^ /  e x p e r i e n c e d  due  t o  t h e  f l o a t i n g  o f  g r a p h i t e  I n  
2 / K u n ia n s  k y ,  Max; P r o b l a  ms I n  p r o d u c i n g  d u c t i l e  c a s t  i r o n ;  
The I r o n  W o rk e r ,  F a l l  1949 I s s u e .
t r e a t e d  i r o n  c a s t i n g s *  T h i s ,  t o g e t h e r  w i t h  t h e  a p p a r e n t  
n u c l e u s  o b s e r v e d  a t  t h e  c e n t e r  o f  w e l l  p o l i s h e d  g r a p h i t e
n o d u l e s ,  f o rm s  t h e  b a c k b o n e  o f  t h e  r i v a l  t h e o r y  p r o p o u n d e d  
by  Do Sy o f  t h e  U n i v e r s i t y  o f  G h e n t ^ #  (S e e  P i g .  1 and  2 )
V De S y ;  B e l g i a n  r e s e a r c h  a d v a n c e s  n o d u l a r  g r a p h i t e  t h e o r y ,
A m e r ic a n  F o tfndrym an , v o l .  1 5 ,  p .  5 5 ,  J a n u a r y  1 9 4 9 . ______
R e c e n t l y  M o r ro g h S /  h a s  c o n t r a d i c t e d  t h i s  t h e o r y  on  t h e
2 /  M o r r o ^ 1, K . ; C o r r e s p o n d e n c e  , F o u n d ry  T ra d e  J o u r n a l ,  v o l .
8 8 ,  # 1 7 5 1 /  p .  5 2 1 , M arch  2 3 ,  1 9 5 0 .  ___________ __________
g r o u n d s  t h a t  De S y ’ s n u c l e i  t h e o r y  I s  b a s e d  on  h y p o t h e t i c a l  
f a c t s ,  t h a t  t h e r e  i s  no e v i d e n c e  f o r  t h e  e x i s t a n c e  o f  s u c h  
n u c l e i  i n  m o l t e n  i r o n ,  t h a t  t h e  c r y s t a l  s t r u c t u r e s  o f  t h e  
v a r i o u s  n u c l e a t i n g  s o l i d  p a r t i c l e s  a r e  n o t  k no w n , and  t h a t  
t h e  a p p a r e n t  n u c l e u s  o b s e r v e d  a t  t h e  c e n t e r  o f  t h e  g r a p h i t e  
n o d u l e  i s  n o t  a n y  f o r e i g n  m a t e r i a l  b u t  g r a p h i t e  i t s e l f ,  a n d  
owes i t s  e x i s t e n c e  t o  t h e  g e o m e t r i c a l  n a t u r e  o f  th e  r a d i a t ­
i n g  c r y s t a l l i t e s  o f  g r a p h i t e .
Much w ork  n e e d s  t o  b e  done  b e f o r e  a n y  o f  t h e  p r o p o s e d  
t h e o r i e s  a t t r a c t  m ore a t t e n t i o n .  As t h e y  now s t a n d  b o th .  
I g n o r e  some o f  t h e  m o s t  i m p o r t a n t  e x p e r i m e n t a l  f a c t s .  T hus 
f o r  e x a m p le  M orrogh* s t h e o r y  d o e s  n o t  e x p l a i n  why c e r t a i n  
m ag n es iu m  c o m b i n a t i o n s  l i k e .M g - C a ,  M g -T i,  M g-Zr s h o u l d  n o t  
p r o d u c e  n o d u l a r  s t r u c t u r e s  e v e n  when a p p r o p r i a t e  am o u n t o f  
Mg h a s  b e e n  r e t a i n e d  b y  th e  i r o n .  C e r t a i n  i n o c u l a n t s  i f  
a d d e d  t o  Mg t r e a t e d  i r o n  p r o v e  s u b v e r s i v e  to  t h e  n o d u l i -  
z a t i o n .  I t  i s  i n t e r e s t i n g  t o  n o t e  h e r e  t h a t  t h e  ab o v e  men­
t i o n e d  a g e n t s  c o n s i s t  o f  p r o n o u n c e d  c a r b i d e  s t a b i l i z e r s  and  
s h o u l d  a s s i s t  t h e  m ag n e s iu m  i n  i t s  e f f e c t  o f  n o d u l i z a t i o n  i n -
F i g s .  1 & 2# W e l l  p o l i s h e d  n o d u l e s  o f  g r a p h i t e  i n  
’ a s - c a s t 1 i r o n  sh o w  t h e  r a d i a t i n g  c r y s t a l l i t e s  a t  
t h e  c e n t e r  o f  w h ic h  i s  t h e  a p p a r e n t  n u c l e u s *
F ig . 19—P ro n o u n c e d  rad ia l b a nds in n o d u le , %/g-in. 
sec tio n  o f  s te p  b lo ck , as-cast. X i ta l  etch', x  1000.
Fig. 5—M icro s tru c tu re  o f  l/g-in. sec tion , as-cast. 
N ita l  e tc h ; x  200.
s t e a d  o f  s u b v e r t i n g  s u c h  a  s t r u c t u r e .  T hen  a g a i n  f o r m a t i o n  
an d  s e p a r a t i o n  o f  g r a p h i t e  i n  n o d u l a r  fo rm  o u t  o f  a  m o l t e n  
h y p e r e u t e c t i c  l i q u i d  p o i n t  t o  t h e  p o s s i b i l i t y  o f  t h e  p r e s e n c e  
o f  n o d u l l z i n g  i n f l u e n c e s  u n e x p l a i n e d  b y  t h e  c r i t i c a l  c o o l i n g  
t h e o r y .  The g r a p h i t e  s e p a r a t i n g  o u t  I n  m o l t e n  l i q u i d  s h o u l d  
h a v e  p e r f e c t  l i b e r t y  t o  assum e a n y  s h a p e  i f  o n l y  c r i t i c a l  
c o o l i n g  o f  t h e  i r o n  i s  t o  be  h e l d  r e s p o n s i b l e .  De S y ’ s  t h e o r y  
o f  n u o l e a t i o n  c e n t e r s  n e e d s  m uch e x p e r i m e n t a l  e v i d e n c e .  I t  
a s s u m e s  t h a t  m o s t  o f  t h e  g r a p h l t l z a t l o n  o c c u r s  when t h e  i r o n  
i s  s t i l l  m o l t e n ,  a n d  t h e  g r a p h i t e  h a s  f r e e d o m  t o  s u i t  I t s e l f  
t o  t h e  c r y s t a l  s t r u c t u r e s  o f  t h e  n u c l e i  w h ic h  a r e  h e l d  r e s p o n ­
s i b l e  f o r  t h e  n o d u l i z a t i o n *
I t  w ou ld  b e  u n j u s t  t o  c l i n g  t o  a n y  o f  t h e  t h e o r i e s  o n  
s u c h  s c a n t  e v i d e n c e s  a n d  i n  f a c e  o f  t h e  f a c t s  I g n o r e d  b y  e a c h  
o f  th e m .  T h ey  s i m p ly  r e p r e s e n t  two a n g l e s  on  t h e  p o s s i b l e  
m ec h a n ism  o f  n o d u i l z a t i o n .  A t  p r e s e n t  many l a b o r a t i e s ,  and  
c o n c e r n s  a r e  a c t i v e l y  e n g a g e d  o n  t h e  s t u d y  o f  n o d u l a r  i r o n .
L e t  u s  h o p e  t h a t  s u f f i c i e n t  e x p e r i m e n t a l  e v i d e n c e  w i l l  be  a t  
o u r  d i s p o s a l  I n  t h e  n e a r  f u t u r e  to  u n d e r s t a n d  t h i s  m a jo r  
pheno m ena  o f  t h e  m o d e m  m e t a l l u r g y .
CHAPTER I I  
PRODUCTION OF NODULAR GRAPHITIC IRONS
I n t r o d u c t i o n
I n t r o d u c t i o n  o f  c e r t a i n  e l e m e n t s  I n t o  t h e  c a s t  i r o n  o f  
s u i t a b l e  c o m p o s i t i o n  j u s t  b e f o r e  p o u r i n g  p r o d u c e s  n o d u l a r  
s t r u c t u r e .  C e r iu m  was t h e  f i r s t  to  be s u c c e s s f u l l y  u s e d  f o r  
t h i s  p u r p o s e .  No a t t e m p t s  w i l l  be mad© her© t o  d i s c u s s  i n  
d e t a i l  t h e  p r o d u c t i o n  t e c h n i q u e s  i n v o l v i n g  t h e  u s e  o f  t h i s  
e l e m e n t  —  e x c e p t  f o r  c o m p a r i s o n  w i t h  i t s  r i v a l  m e th o d  u s i n g  
m a g n e s iu m .
Us© o f  m ag n es iu m  i n  t h e  fo rm  o f  a l l o y s ,  m e t a l ,  o r  v a p o r s  
was f i r s t  p u b l i c l y  a n n o u n c e d  b y  th e  I n t e r n a t i o n a l  N i c k e l  Com** 
pan y *  E x t e n s i v e  e x p e r i m e n t s  h a v e  s ine©  b e e n  made t o  d e v e l o p  
t h e  t e c h n i q u e  o f  m ag n es iu m  t r e a t m e n t  w i t h  a  v ie w  t o  o b t a i n  
o p t im u m  r e s u l t s  w i t h  l e a s t  m ag n es iu m  a d d i t i o n s .
M e th o d s  o f  Mamie s lu m  A d d i t i o n
M agnesium  w i t h  I t s  b o i l i n g  p o i n t  w e l l  b e lo w  t h e  u s u a l  
t a p p i n g  t e m p e r a t u r e s  o f  c a s t  i r o n s  i m m e d i a t e l y  t u r n s  I n t o  
g a s e o u s  s t a g e  when i t  I s  i n t r o d u c e d  i n t o  t h e  m e t a l .  T h i s  c o n  
v e r s i o n  I s  so  r a p i d  t h a t  u s e  o f  pur© m ag n es iu m  o r  h i g h  mag­
n e s iu m  a l l o y s  I s  a t t e n d e d  w i t h  r e a c t i o n  o f  e x p l o s i v e  v i o l e n c e  
B e s i d e s  t h e  d a n g e r  i n v o l v e d ,  t h e  l o s s  o f  m e t a l  an d  t h e  low  
r e c o v e r y  o f  m ag n e s iu m  i n  i r o n  h a v e  made t h e  fo u n d ry m e n  s e e k  
f o r  b e t t e r  a l l o y s .  S u g g e s t i o n s  h a v e  b e e n  made o f  i n t r o d u c ­
t i o n  o f  p u r e  m a g n e s iu m  s t i c k s  w i t h  a n  im m e d ia te  u s e  o f  a  p r o ­
t e c t i v e  h o o d  o v e r  t h e  l a d d i e ^  and  p r o p e r  p r e c a u t i o n s  f o r
y  D onoho , C» K.: P r o d u c i n g  n o d u l a r  i r o n  w i t h  m ag n es iu m ,
A m e r ic a n  F o u n d ry m a n , v o l .  1 5 ,  p .  3 3 ,  F e b r u a r y  1 9 4 9 .______
. e x h a u s t i o n  o f  v a p o r s *  T h i s  m e th o d  h a s  b e e n  s u g g e s t e d  i n  l i e u  
o f  d i l u t e d  m ag n e s iu m  a l l o y s  w h e re  l a r g e  a m o u n ts  o f  d i l u t i n g  
e l e m e n t s  I lk©  c o p p e r  o r  n i c k e l  —  u s u a l l y  f o u r  t i m e s  t h e  
a m o u n t  o f  m ag n e s iu m  —  h a v e  t o  b e  p u r c h a s e d *
A v e r y  e x t e n s i v e  r e p o r t  h a s  b e e n  made by  D o n o h o ^  o f
g /  Op. G it.- .,  p .  3 2 .
t h e  A m e r ic a n  C a s t  I r o n  P i p e  Company o n  t h e  t r i a l s  c o n d u c t e d  
i n  s e a r c h  o f  a  s u i t a b l e  m ag n e s iu m  a l l o y .  H is  e x p e r i m e n t s  
p r o v e d  t h a t  d e c r e a s e  I n  v i o l e n c e  a n d  i n c r e a s e  I n  r e c o v e r i e s  
c a n  be  o b t a i n e d  b y  t h e  u s e  o f  d i l u t e d  a l l o y s .  Donoho*s o b ­
s e r v a t i o n s  h a v e  b e e n  a t t a c h e d  h e r e  i n  a  t a b u l a r  fo rm * ( S e e  
T a b le  1 )
S in c e  t h e n  many w o r k e d  h a v e  e x t e n s i v e l y  s t u d i e d  t h e  
a g e n t s  f ro m  t h e  p o i n t  o f  v i e w  o f  r e c o v e r y  o f  m a g n e s iu m . The
3 /  HoldQman a n d  S t e a r n s t  V a r i a b l e s  i n  p r o d u c i n g  n o d u l a r  i r o n ,  
A m e r ic a n  F o u n d ry m a n , v o l .  1 6 ,  p .  3 6 ,  A u g u s t  1 9 4 9 .__________
f i g u r e s  o n  r e c o v e r y  v a r y  f r o m  5 p e r  c e n t  t o  90  p e r  c e n t  w i t h  
t h e  ty p e  o f  a l l o y  u s e d .  I t  I s  i m p o r t a n t  h e r e  t o  r e c a l l  t h e  
c o n s u m p t io n  o f  m ag n es iu m  b y  s u l p h u r ,  and  t h e  r e c o v e r y  f i g u r e s  
q u o t e d  a r e  a f t e r  a l l o w i n g  f o r  t h e  l o s s  o f  m ag n es iu m  t h r o u g h  
s u l p h u r .  A g e n e r a l  f o r m u l a
P e r  c e n t  r e c o v e r y  -  B S K  , t ,  P r ? . * ? . . * ,  A , § .
% a d d i t i o n  o f  m agn es ium
TABLE I. Effect of Adding Magnesium Alloys to High Carbon—Low Phosphorus Irons
Heat
No.











1-329-1 4-C5 2-33 0-037 0-59 0-07 Ni-Mg 50-50 Alloy (>■25 0-125 10 12-5 111
-2 4 1 8 2-21 0-043 0-58 — Ni-Mg 50-50 Alloy 0-38 <;•( 28 8 19-7 103
-3 4 1 3 2-61 0-040 0-60 — Ni-Mg 50-50 Alloy 0-50 0-029 6 28-0 90
-4 4 0 6 2-39 0-040 0-57 ■ — Ni-Mg 50-50 Alloy 0-63 0-045 7 9 5 1 223
1-330-1 3-94 3-00 0-064 1-05 0-11 Zr-Mg 40-60 Alloy 0-50 — — 20-0 121
-2 3-90 2-91 0-046 1-19 — Ni-Mg 50-50 Alloy 0-50 — —- 90-6 235
-3 3-93 2-56 0-048 1-00 — Ti-Mg 50-50 Alloy 0-50 — — 18-3 107
1-340-1 4 1 8 1-58 0-044 0-71 0-16 None ___ ___ 20-1 126
2 4 1 6 1-78 0-043 0-71 — Mg Scrap 0-60 — — 50-9 174
-3 4 1 4 2-02 0-047 0-78 — ■ Mg Scrap 0-75 — — 104-3 229
-4 3-96 1-68 0-047 0-69 — A1 Scrap None — — 22-5 143
1-370-1 3-57 2-20 0-027 0-64 0-06 Cu-Mg 50-50 Alloy 0-60 0-053 9 113-0 255
-2 — — . ____ — Mg-Li 90-10 Alloy 0-75 0-048 6 86-6 255
-3 Mg-Si 80-20 Alloy 0-60 0-060 10 98-2 223
1-410-1 3-62 2-61 0-048 0-55 0-037 Cu-Mg 70-30 Alloy 0-26 0-029 11 42-2 192
-2 __ ___ .___ — — Cu-Mg 70-30 Alloy 0-40 0-068 17 117-8 285
-3 — — — — — Cu-Mg 70-30 Alloy 0-55 0-056 10 114-5 255
1-374-1 3-71 1-87 0-030 0-60 0-08 Cu-Mg 80-20 Alloy 0-20 0-024 12 22-7 103
-2 ___ ____ ___ . ___ ___ Cu-Mg 80-20 Alloy 0-30 0-035 12 119-0 255
-3 — — — — — Cu-Mg 80-20 Alloy 0-40 0-065 16 104-7 293
1-404 1 3-44 2-19 0-040 0-62 0-03 Ni-Mg 82-18 Alloy 0-22 0-058 26 124-1 285
-2 ___ ___ ___ ___ Ni-Mg 82-18 Alloy 0-30 0-085 28 116-0 277
-3 — — — — — Ni-Mg 82-18 Alloy 0-42 0-094 106-0 285
1-402-1 3-70 1-82 0-045 0-60 0-07 Cu-Mg 80-20 Alloy 0-22 0-044 20 118-0 285
-2 ___ _ ___ ___ Ni-Mg 82-18 Alloy 0-28' 0-084 30 96-8 285
-3 Cu-Mg 80 -20 Alloy 0-36 0-058 16 116-8 285
-4 — — — — — Ni-Mg 82-18 Alloy 0-40 0-118 30 100-2 285
* 0-4C % Si a 3ded to each la die as 7 >% ferrosilicon just before casting.
T a b le  1 .  R e s u l t s  o f  D onoho1s e x p e r i m e n t s  
w i t h  v a r i o u s  m ag n es iu m  a l l o y s .
1 5 ,
h a s  b e e n  f o l l o w e d  b y  a l l  o f  t h e  w o r k e r s .  The e x a c t  r . a t u r e  o f  
t h e  s u l p h u r  r e m o v a l  i s  h o w e v e r  n o t  y e t  d e f i n i t e l y  know n,
M yskowsky and  D u n p h y ^ /  o f  t h e  N a v a l  R e s e a r c h  L a b o r a t o r y
'2/  M yskow sky, E .  T , , an d  D unphy , R, P . t New g r a p h i t e  n o d u l l z -  
i z l n g  a l l o y ,  The F o u n d r y ,  v o l .  77 , p ,  7 2 ,  O c t o b e r  1 9 4 9 ,
and  O f f e n h a u e r  o f  t h e  U n io n  C a rb o n  an d  C a r b id e  C o r p o r a t i o n ^ /
O f f e n h a u e r ,  P .  Ns The e f f e c t s  o f  Z r  i n  c a s t  i r o n ,  C a n a d ia n  
M in in g  & M e t a l l u r g i c a l  B u l l e t i n ,  J u l y  1 9 4 9 , _________ '
h a v e  d e v e l o p e d  a n  F e -S I -M g  a l l o y  c o n t a i n i n g  8 to  15  p e r  c e n t  
Mg* M yskowsky w i t h  a n  8 $  Mg a n d  50$  S i  a l l o y  o b t a i n e d  r e *  
c o v e r i e s  o f  e v e n  1 0 0 $ .  The main, a d v a n ta g e  c l a i m e d  i n  f a v o r  
o f  t h i s  a l l o y  I s  t h e  s a v i n g  a f f e c t e d  i n  c o s t l y  and  s t r a t e g i c  
m e t a l s  l i k e  n i c k e l  a n d  c o p p e r  f o r  b e t t e r  p u r p o s e s *  T h i s  a l ­
so  w i l l  c h e c k  t h e  g r a d u a l  b u i l d i n g  up  o f  t h e s e  e l e m e n t s  i n  
t h e  f o u n d r y  r e t u r n s  to  an e x t e n t  w h e re  t h e i r  p r e s e n c e  w i l l  
be  d e f i n i t e  n u i s a n c e  i n  t h e  m e t a l .
E f f e c t  o f  I n o c u l a t i o n  
P o s t  t r e a t m e n t  i n o c u l a t i o n  i s  an  e s s e n t i a l  r e q u i r e m e n t  
i n  c a s e  o f  c e r i u m  t r e a t m e n t .  M o r r o $ i  c a l l s  t h i s  " d o u b le  
t r e a t m e n t "  a n d  c l a i m s  t h a t  w i t h  i t  a l m o s t  c e n t  p e r c e n t  n o d u ­
l a r  g r a p h i t e  c a n  be  o b t a i n e d .  I n  c a s e  o f  m ag n es iu m  t r e a t m e n t  
i n  i n o c u l a t i o n  i s  deem ed  l e s s  i m p o r t a n t .  I t  h a s  b e e n  p r o v e d  
h o w e v e r ,  t h a t  s u i t a b l e  I n o c u l a n t s  l i k e  f e r r o s i l i c o n  t e n d  to  
a s s u r e  a n  a l l - n o d u l a r  g r a p h i t i c  s t r u e t u r e , an d  f u r t h e r  t h a t  
t h e y  c o n s i d e r a b l y  i n f l u e n c e  t h e  s i z e  and  n u m b er  o f  n o d u l e s  
f o r m e d .  A n o t h e r  m a j o r  a d v a n t a g e  i n  f a v o r  o f  s u c h  a  t r e a t -
jnen t i s  t h a t  t h e y  p r e v e n t  a n y  t e n d e n c y  to w a r d s  t h e  f o r m a t i o n  
o f  s t a b l e  c a r b i d e s .  H ie  l a t e  a d d i t i o n s  o f  s i l i c o n  I n  t h i s  
m an n e r  h a v e  b e e n  p r o v e d  b y  D onoho , t o  b r e a k  down c a r b i d e s  
a n d  p r e v e n t  m o t t l e d  s t r u c t u r e s .  The h e a t s  h e  c a s t  w i t h o u t  
s u c h  a d d i t i o n  w ere  i n f e r i o r  t o  t h o s e  w h ic h  w ere  I n o c u l a t e d .
(S e e  T a b le  2 )
A c o n s i d e r a b l e  c o n t r o v e r s y  e x i s t e d  a s  t o  e f f e c t s  o f
1/v a r i o u s  I n o c u l a n t s .  Donoho-* r e p o r t e d  s u b v e r s i v e  e f f e c t s  o f  
g r a p h i t e  a n d  z i r c o n i u m  a l l o y s .  He a t t r i b u t e s  t h i s  e f f e c t  t o
D onoho , 0 .  K .s  P r i v a t e  c o r r e s p o n d e n c e  w i t h  a u t h o r .
t h e  f l u x i n g  o f  t h e  m ag n es iu m  c a r b i d e  n u c l e i  by  t h e  i n t r o d u c ­
t i o n  o f  t h e s e  I n o c u l a n t s #  O f f e n h a u e r ^ /  h a s  h o w e v e r  shown 
2 /  6 f f e n h a u e r :  P r I v a t e  c o r r e s p o n d e n c e  w i t h  a u t h o r .
s u c c e s s f u l  r e s u l t s  o b t a i n e d  b y  I n o c u l a t i n g  w i t h  SMZ t y p e  a g e n t .
Optimum  M agneslum  C o n t e n t  i n  C a s t  I r o n  
Donoho o f  t h e  ACIPCO c o n s i d e r s  a  c e r t a i n  mimimum mag­
n e s iu m  c o n t e n t  i n  t h e  c a s t  I r o n .  W ith  t o o  l i t t l e  o f  I t ,  
e n t i r e  f l a k e  g r a p h i t e  was r e p o r t e d .  W ith  an  e x c e s s  o f  o v e r  
0 . 0 5 5 $  Mg f r e e ,  c a r b i d e  b e g i n s  t o  a p p e a r  and  m akes t h e  m a t e r i a l  
b r i t t l e .  Donoho p l a c e s  t h e  op tim um  r e s i d u a l  v a l u e  o f  m ag n es iu m  
a t  0 . 0 5 5  t o  0 . 0 7 $  w h ic h  c a n  be o b t a i n e d  b y  a d d i t i o n  o f  0 . 5 $  i n  
t h e  a l l o y  f o r m .  W h ile  D o no ho-^  r e p o r t s  t h a t  t h e  o p tim um  m ag-
3 /  D onoho , C . K .s  P r o d u c i n g  n o d u l a r  i r o n  w i t h  m ag n e s iu m ,
F o u n d ry  T ra d e  J o u r n a l ,  v o l .  8 6 ,  p .  5 1 9 ,  J u n e  2 ,  1 9 4 9 .
TABLE H.—-Effect of Inoculation
Heat
No.





1-347-1 315 2-41 0-033 0-72 0*07 0-052
0-60 Mg as Ni-Mg (50-50) 
0*40 Si as FeSi 95-3 255
-2 3-20 2-42 0-035 0-69 0*07 0*042
0-60 Mg as Mg Scrap 
0-40 Si as FeSi 93-8 255
-3 3-25 2C8 0-039 0*68 0-07 0*0 65 0*60 Mg as Ni-Mg (50-50)
Hard to 
machine 352















0*50 Mg as Ni-Mg (50-50) 
0*40 Si as FeSi 
0*50 Mg as Ni-Mg (50-50) 





3 313 2-21* 0*053 0*57 0*15 —
0*50 Mg as Ni-Mg (50-50) 
0*75 Carbon as Graphite 26-1 149
1 ■ -4 310 2-21* 0*050 0*60 0*15 — 0*50 Mg as Ni-Mg (50-50)
Hard to 
machine 831
* Si increased about 0-40% in crucible.
T a b l e  2 .  E f f e c t  o f  I n o c u l a t i o n
-  Jon o ho
n e s iu m  c o n t e n t  l a  n o t  i n f l u e n c e d  b y  s e c t i o n  t h i c k n e s s ,
R e h d e r - i /  h o l d s  a  d i f f e r e n t  o p i n i o n  an d  h a s  p u b l i s h e d  g r a p h s  
1 /  K e h d e r ,  J .  E . s  D e s u l p h u r i z a t i o n  a d d i t i o n s  o f  c a s t  i r o n s ,  
A m e r ic a n  F o u n d ry m a n , v o l .  1 6 ,  p .  33 , S e p te m b e r  1949*
o f  minimum n u c l e a t i n g  a m o u n ts  o f  m ag n es iu m  f o r  v a r i o u s  s e c ­
t i o n s *  T h e s e  g r a p h s  h a v e  b e e n  r e p r o d u c e d  h e r e  I n  F i g .  3 .
E f f e c t  o f  H o ld in g  Time 
As w i t h  many o t h e r  i n o c u l a n t s  t h e  e f f e c t  o f  t h e  m ag­
n e s iu m  a d d i t i o n  a n d  a l s o  f o r  t h a t  m a t t e r  t h a t  o f  c e r i u m  i s  
r a t h e r  s h o r t  l i v e d .  Donoho h a s  r e p o r t e d  t h a t  t h r e e  m i n u t e s  
a f t e r  t h e  m a g n e s iu m  a d d i t o n ,  t h e  I n f l u e n c e  o f  m ag n es iu m  h a d  
h a lv e d *  a n d  i n  t e n  m in u t e s  i t  h a d  c o m p l e t e l y  v a n i s h e d .  I t  
I s  i n t e r e s t i n g  t o  n o t e  t h a t  a s i l i c a  c r u c i b l e  a l o n g  w i t h  h i  
t e m p e r a t u r e  o f  i r o n  w ere h e l d  f o r  p r o m o t i n g  l o s s  o f  Mg. T h i s  
r a p i d  l o s s  o f  m ag n es iu m  can  b e  a  t r o u b le s o m e  f a c t o r  i n  t h e  
s u c c e s s  o f  t h e  p r o c e s s ,  a n d  I t  w i l l  be  n e c e s s a r y  t o  know t h e . 
e x a c t  a l l o w a n c e s  t o  b e  made t o  make up  f o r  t h e  l o s s  o f  mag­
n e s iu m  I n  t r a n s i t i o n .
C h e m i s t r y  o f  t h e  I r o n  
M agnes ium  t r e a t m e n t  a v a i l s  I t s e l f  on  a  v e r y  w id e  r a n g e  
o f  c h e m i c a l  c o m p o s i t i o n  o f  t h e  i r o n .  T h i s  i s  i n  s t r i k i n g  
c o n t r a c t  w i t h  t h e  h y p e r o u t e c t i c  n e e d s  o f  t h e  c e r i u m  t r e a t ­
m e n t .  I n  t h e  f o l l o w i n g  p a r a g r a p h s  t h e  i n f l u e n c e  o f  common 
a l l o y i n g  e l e m e n t s  I n  c a s t ,  I r o n s  u p o n  t h e  m ag n es iu m  t r e a t m e n t  
h a v e  b e e n  c o n s i d e r e d .
1 9 ^
ig . 6—Effect of as-cast sect ion an d  s u lp h ur  con ten t  
on m in i  m u m  mag nes ium a dd i t i on s  requi red.
 '
“i— r— i— i— I— r
E f f e c t  Of  A s  Ca s t  S e c t io n  _
And  Su l ph u r  Co n t e n t  O n  
— M in im u m  —|—  Se.ction thickness- 
Addition Required kN?Hf sA
30 35 AO 45
M inim um  A m o u n t  50*50  Cu Mg 
L s s /  N e t  T on
F i g .  3 .  Minimum a d d i t i o n s  o f  m ag n es iu m  
a s  r e q u i r e d  b y  v a r y i n g  s e c t i o n s .
-  R e h d e r
a .  Range o f  c a r b o n s  I r o n s  w i t h  c a r b o n  c o n t e n t  v a r y i n g  
f ro m  2*5%  t o  4 * 5 $  h a v e  b e e n  s u c c e s s f u l l y  t r e a t e d  w i t h  
m agnesium * Amount o f  m ag n es iu m  n e e d e d  i s  n o t  a f u n c ­
t i o n  o f  t h e  c a r b o n  c o n t e n t  o f  t h e  I r o n .  The p r o p e r ­
t i e s  r e s u l t i n g  a f t e r  t h e  t r e a t m e n t  a r e  r e l a t i v e l y  I n -  
’s e n s i t i v e  t o  t h e  c a r b o n  c o n t e n t  o v e r  t h i s  r a n g e .  G ag -  
n e b i n  and o t h e r s ^  o f  t h e  INCO h a v e  r e p o r t e d  t h a t  I n
l / G a g n e b i n  a n d  o t h e r s s  D u c t i l e  c a s t  i r o n  -  a new e n g i n e e r ­
i n g  m a t e r i a l ,  The I r o n  A ge , v o l .  16 5 ,  F e b r u a r y  1 7 ,  1 9 4 9 .
f a c t  t h e  p r o p e r t i e s  - - p a r t i c u l a r l y  t h e  t o u g h n e s s  - -  
i n c r e a s e  w i t h  c a r b o n .  Low c a r b o n  m a t e r i a l  I n  t h i n  
s e c t i o n s  I s  l i k e l y  t o  c o n t a i n  f r e e  c a r b i d e s  a n d  may 
r e q u i r e  a n n e a l i n g .  B u t on  t h e  w hole  t h e  r e l a t i v e  i n ­
s e n s i t i v e  t o  t h e  i n f l u e n c e  o f  c a r b o n  c o n t r a s t s  s h a r p l y  
t o  t h e  b e h a v i o r  o f  f l a k e  g r a p h i t e  i r o n  w here  t h e  s t i f f ­
n e s s ,  s t r e n g t h ,  an d  t o u g h n e s s  a r e  m a r k e d ly  r e d u c e d  b y  
i n c r e a s i n g  c a r b o n .  A minimum s u r f a c e / v o l u m e  r a t i o  
h a s  b e e n  s u g g e s t e d  a s  a  r e a s o n  f o r  t h e  I n s e n s i t i v e n e s s  
o f  t h e  c a rb o n *
H ow ever f r o m  t h e  p o i n t  o f  v ie w  o f  p r o c e s s i n g  a  
m edium  c a r b o n  c o n t e n t  3 . 0 $  t o  3 * 6 $  h a s  a n  a d v a n t a g e  
o f  f l u i d i t y ,  c a s t a b i l l t y ,  and m a c h l n a b i l i t y  o v e r  low  
c a r b o n  i r o n s .  I n f l u e n c e  o f  c a r b o n  o n  v a r i o u s  p r o p e r ­
t i e s  h a s  b e e n  r e p r o d u c e d  h e r e .  (S e e  F i g .  4 )
E f f e c t  o f  S i l i c o n  
S i l i c o n  h a s  a  m o d e r a te  e f f e c t  o v e r  t h e  r a n g e  o f  1 . 5  t o
K G . 9 —  Influence 
of silicon on im* 
honical properties 
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C a r b o n ,  pet
Silicon, pet
‘IG. 8— Influence of carbon on mechanical properties of 
I-in. section in as-cost and in annealed  condition.
P i g s .  4 & 5 .  E f f e c t s  o f  c a r b o n  and  s i l i c o n  
on  t h e  p r o p e r t i e s  o f  n o d u l a r  i r o n .
-  G a g n e b in
2*7%  a n d  may be  a d j u s t e d  t o  s u i t  t h e  s e c t i o n  t h i c k n e s s  o r  
some o t h e r  m e t a l l u r g i c a l  r e q u i r e m e n t .  H ow ever h i g h e r  t h a n  
3*0$  S i  h a s  a n  e m b r i t t l i n g  e f f e c t  on  t h e  f e r r i t i c  m a t r i x  and  
r e d u c e s  s t r e n g t h  a n d  d u c t i l i t y  when i n  l a r g e r  a m o u n t s .  Use 
o f  a  F a -S i -M g  a g e n t  w i t h  o n l y  8 % Mg w o u ld  n e e d  l a r g e  a m o u n ts  
o f  s i l i c o n  i n  t h e  m e t a l  and  t h i s  s h o u l d  b e  p a r t i c u l a r l y  b o r n e  
i n  m in d .  A s h o r t  a n n e a l  g e n e r a l l y  b r e a k s  up  t h e  c a r b i d e s  and  
a n y  s h o r t a g e  o f  s i l i c o n  c a n  b e  t h u s  r e p a i r e d .  T h is  h o w e v e r  
i n t r o d u c e s  a d d i t i o n a l  e x p e n s e ,  a l t h o u g h  t h e  p r o p e r t i e s  a r e  
g e n e r a l l y  b e t t e r  f o l l o w i n g  s u c h  a n  a n n e a l .  (S ee  F i g s .  5 
and  5A)
I n f l u e n c e  o f  P h o s p h o r u s
A c o m p le te  u n a n i m i t y  e x i s t s  a m o n g s t  t h e  e x p e r i m e n t e r s  
on  t h e  a d v e r s e  i n f l u e n c e  o f  p h o s p h o r u s  on  t h e  d u c t i l i t y  o f  
t h e  I r o n .  P a s  i s  known fo rm s  h a r d  p h o s p h i d e  n e t w o r k s . o n  
t h e  g r a i n b o u n d a r l e s  a n d  t h u s  r e d u c e s  t h e  i m p a c t  c a l u e  a n d  
d u c t i l i t y  o f  n o d u l a r  I r o n .  I t  s h o u l d  be  p a r t i c u l a r l y  g u a r d e d  
a g a i n s t  when a h i g h e r  p e r c e n t a g e  e l o n g a t i o n  a n d  r e d u c t i o n  i n  
a r e a  a r e  d e a i r e d *  H ig h  p h o s p h o r u s  s e r i o u s l y  i n c r e a s e s  t h e  
s h r i n k a g e  p r o b l e m .
C a s t i n g s  made f r o m  low  and  h i g h  p h o s p h o r u s  n o d u l a r  I r o n  
show v e r y  d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s *  H ig h  p h o s p h o r u s  
I n c r e a s e s  t h e  t e n s i l e  t o  1 2 0 ,0 0 0  p s i  b u t  d u c t i l i t y  d r o p s  
t o  n e g l i g i b l e  v a l u e s  e v e n  a f t e r  a n n e a l i n g .  T a b l e s  h a v e  b e e n  r e ­
p r o d u c e d  and  p h o t o g r a p h s  a t t a c h e d  t o  i l l u s t r a t e  t h e  e f f e c t  o f  
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F IG . I— M o d e  o f  o c c u r r e n c e  o f  g r a p h ite  In in d u ction  m e lte d  low r e s id u a l  
sulfur irons ( le s s  th an  0 .0 4  S ) .  Sm all n um bers on c h a r t  a r e  c a r b o n  c o n t e n t s .
F i O  5A, I  t f l u o n c e  o f  s i l i c o n  and  
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N u c l e a t in g  M a g n e s i u m - %
To s u m m a r iz e ,  t h e  i n f l u e n c e  o f  p h o s p h o r u s  on  t h e  e n g i n e e r ­
i n g  p r o p e r t i e s  o f  d u c t i l e  i r o n  p a r a l l e l s  t h e  i n f l u e n c e  o f  
p h o s p h o r u s  i n  a l l  f e r r o u s  m e t a l s .  H i g h e s t  p h y s i c a l  p r o p e r t i e s  
a r e  o b t a i n e d  i n  lo w  p h o s p h o r u s  i r o n .  H ow ever t h e  n o d u l i z i n g  
e f f e c t  o f  m ag n es iu m  i s  i n  n o  way a f f e c t e d  by  t h e  am o u n t o f  
p h o s p h o r u s  p r e s e n t . ^
2 /  M a c k e n z ie ,  J . T . s  I n f l u e n c e  o f  p h o s p h o r u s  on  c a s t  i r o n s .  
T r a n s a c t i o n  o f  The A m e r ic a n  F o u n d ry m e n 1s A s s o c i a t i o n ,  
v o l .  3 4 ,  p .  9 8 6 ,  1926#
M an ganese
E f f e c t  o f  m an g a n ese  o n  t h e  d u c t i l e  i r o n  i s  r a t h e r  v a g u e ­
l y  U n d e r s t o o d .  I t  r e d u c e s  f o r  c e r t a i n  t h e  d u c t i l i t y  I n  t h e  
’ a s  c a s t ’ c o n d i t i o n ,  b u t  a n n e a l i n g  Im p ro v e s  t h a t  p r o p e r t y  
c o n s i d e r a b l y .  T h is  i s  i n  c o n t r a s t  w i t h  t h e  e f f e c t  o f  p h o s ­
p h o r u s  whose i n f l u e n c e  on  t h e  d u c t i l i t y  i s  m ore o r  l e s s  p e r ­
m a n e n t .  How m an g a n ese  i r o n s ,  when a n n e a l e d  —  e v e n  f o r  a  
s h o r t  t im e  —  l o s e  t h e i r  p e a r l i t ©  and  becom e f e r r i t i c  I n  
s t r u c t u r e .  T h i s  i s  a c c o m p a n ie d  w i t h  c o n s i d e r a b l e  i n c r e a s e  
i n  e l o n g a t i o n  ( i f  P i s  lo w )  and  a  r e d u c t i o n  i n  t e n s i l e  and  
y i e l d  p o i n t .  I r o n s  h i g h  i n  m an g a n ese  r e t a r d  t h e  b r e a k i n g  
u p  o f  p e a r l l t e  and  a n n e a l i n g  d o e s  n o t  a f f e c t  th e  p e a r l i t i c  
m a t r i x .  On t h e  w ho le  m an g a n ese  s h o u l d  be l e s s  t h a n  0 . 3 ^  I f  
h i g h  e l o n g a t i o n  I n  ’ a s  c a s t ’ c o n d i t i o n  i s  d e s i r e d .
S u l p h u r
As a g a i n s t  t h e  a b o v e - m e n t i o n e d  e l e m e n t s  s u l p h u r  d o e s
n o t  a f f e c t  th© m e c h a n i c a l  p r o p e r t i e s  o f  t r e a t e d  I r o n *  I n ­
s t e a d  i t  r e t a r d s  t h e  n o d u l i z a t i o n  o f  t h e  g r a p h i t e  b y  r e d u c i n g  
t h e  a v a i l a b l e  am oun t o f  Mg I n  i r o n .  I t  I s  n o t  y e t  d e f i n i t e ­
l y  e s t a b l i s h e d  a s  t o  how m ag n es iu m  rem o v e s  t h e  s u l p h u r ,  b u t  
i t  i s  d e f i n i t e  t h a t  s u l p h u r  i s  t h e  f i r s t  t o  c l a i m  and  consum e 
m a g n e s iu m . W h a te v e r  t h e  o r i g i n a l  s u l p h u r  c o n t e n t  may b e ,  i t  
I s  r e d u c e d  t o  3© s s  t h a n  0 . 0 3 $  I n  t h e  n o d u l z r  i r o n .  M agnes ium  
l a  t h e n  f r e e  t o  e x e r t  I t s  i n f l u e n c e  to w a rd  n o d u l i z a t i o n *
S u l p h u r  i s  t h e r e f o r e  t h e  m a jo r  c o n s t i t u e n t  i n  i r o n  t o  s e r i o u s ­
l y  a f f e c t  t h e  e c o n o m ic s  o f  t h e  w hole  p r o c e s s .  As I t  I s  a p ­
p a r e n t  t h a t  i t  c a n n o t  e x i s t  i n  a m o u n ts  more t h a n  0 . 0 3 $  i n  n o d u ­
l a r  c a s t  I r o n s ,  i t s  e f f e c t s  u p o n  i t s  p h y s i c a l  p r o p e r t i e s  a r e  
i n s i g n i f i c a n t .  A v e r y  c a r e f u l  e s t i m a t i o n  o f  s u l p h u r  I s  t h e r e ­
f o r e  v e r y  e s s e n t i a l  f o r  s u c c e s s f u l  t r e a t m e n t  o f  i r o n .  An 
u n d e r - e s t i m a t i o n  o f  s u l p h u r  w i l l  l e a v e  t h e  i r o n  o r d i n a r y  g r a y  
w i t h  f l a k e s  o r  q u a s l - f l a k e s .  An o v e r e s t i m a t i o n  w i l l  m ean a n  
o v e r d o s e  o f  m ag n e s iu m  p r o m o t i n g  c a r b i d e  s t a b i l i z a t i o n  a n d  
c o n s e q u e n t  lo w  d u c t i l i t y  i n  !a s  c a s t 1 c o n d i t i o n .
The e c o n o m ic s  o f  t h e  m ag n e s iu m  t r e a t m e n t  r e v o l v e s  a r o u n d  
t h e  s u l p h u r  c o n t e n t  t h a n  a n y  o t h e r  e l e m e n t  i n  th e  m o l t e n  i r o n .
A t t e m p t s  h a v e  b e e n  made t o  d e s u l p h u r i z e  t h e  I r o n  i n  l a d l e  
b y  a l k a l i  t r e a t m e n t  p r i o r  t o  a d d i t i o n  o f  m a g n e s iu m . T h i s  
t e c h n i c a l  f e a s i b i l i t y  h a s  t o  b e  w e ig h e d  a g a i n s t  t h e  c o s t s  o f  
a l k a l i  d e s u l p h u r I z e r s ,  t h e  e x t e n t  o f  d e s u l p h u r i z a t i o n ,  a n d  
t h e  s a y i n g  a f f e c t e d  b y  t h i s  t r e a t m e n t  i n  t h e  c o n s u m p t io n  o f  
th© m ag n e s iu m  a l l o y .  R e d u c t io n  o f  s u l p h u r  c o n t e n t  o f  raw
m a t e r i a l s  i n  a  b a s i c  l i n e d  c u p o l a 'm e l t i n g  h a s  b e e n  c l a i m e d  b y  
C a r t « r F .  W i th  c o s t  f i g u r e s  a t  B irm in g h a m , A labam a h e  h a s  a l -
1 /  C a r t e r ,  Sam F . t  B a s i c  l i n e d  c u p o l a  f o r  i r o n  m e l t i n g ,  T r a n s ­
a c t i o n s  o f  A m e r ic a n  F o u n d ry m e n ’ s A s s o c i a t i o n  a t  C l e v e l a n d  
A n n u a l  M e e t i n g ,  May 8 ,  1 9 5 0 .
so  p r o v e d  a  c h e a p e r  o p e r a t i o n  w i t h  b a s i c  c u p o la #  I t  i s  p r e ­
d i c t e d  t h a t  t h e  b a s i c  l i n e d  c u p o l a  w i l l  f i n d  i n c r e a s i n g  u s a g e  
a l o n g  w i t h  t h e  i n c r e a s i n g  p o p u l a r i t y  o f  n o d u l a r  i r o n .
rfy
O t h e r  E le m e n t s
Many o f  t h e  a l l o y i n g  e l e m e n t s  commonly u s e d  i n  c a s t  I r o n s  
c a n  be  u s e d  s a f e l y  w i t h o u t  a n y  a d v e r s e  e f f e c t  on t h e  n o d u l a r  
g r a p h i t e .  W ith  t h e  a t t a i n m e n t  o f  s t r e n g t h s  much more t h a n  
t h o s e  o f  h i g h  a l l o y  c a s t  i r o n s ,  t h e  n e c e s s i t y  f o r  th© u s e  o f  
c o s t l y  e l e m e n t s  w i l l  be  c o n s i d e r a b l y  r e d u c e d .  H o w ev e r  t h e i r  
u s e  i n  h e a t  r e s i s t i n g  a n d  c o r r o s i o n  r e s i s t i n g  t y p e s  w i l l  c o n ­
t i n u e  w i t h  n o d u l a r  I r o n s .
C a s t i n g  C h a r a c t e r i s t i c s
The c a s t a b l l i t y  i s  e q u a l  t o  I f  n o t  b e t t e r  t h a n  o r d i n a r y  
g r a y  c a s t  i r o n *  The f l u i d i t y  i s  a l s o  h i ^ i  a l t h o u g h  c a r e  
s h o u l d  b e  t a k e n  n o t  t o  c h i l l  t h e  i r o n  by t h e  l a r g e  a d d i t i o n s  
o f  t h e  a l l o y .
S e c t i o n s  C a s t  o u t  o f  n o d u l a r  i r o n  s h o u l d  be  p r e f e r a b l y  
I n  c o n f o r m i t y  w i t h  I t s  s i l i c o n  c o n t e n t .  A p p r e c i a b l y  t h i n  
s e c t i o n s  h a v e  b e e n  c a s t  a t  s u i t a b l e  t e m p e r a t u r e s  a n d  f l u i d ­
i t y  —  t h e  l a t t e r  o b t a i n e d  b y  s u i t a b l e  c a r b o n  c o n t e n t .
Some c o n c e r n s  h a v e  e x p e r i e n c e d  t r o u b l e  f r o m  t h e  f l o a t i n g
g r a p h i t e  n o d u l e s  p a r t i c u l a r l y  I n  t h e  h i g h  c a r b o n  r a n g e .
The h i g h  s h r i n k a g e  r e s u l t i n g  I n  n o d u l a r  c a s t  i r o n  n e ­
c e s s i t a t e s  s p e c i a l  g a t i n g  and  r l s e r i n g  d e s i g n s . ’ A d d i t i o n a l  
l i q u i d  m e t a l  p o o l s  d o i n g  t h e  3a t e  f e e d i n g  o f  t h e  c a v i t i e s  
h a v e  b e e n  s u c c e s s f u l l y  e m p lo y e d .  Th© s h r i n k a g e  r e s u l t s  i n  
c a v i t i e s  t h a t  a r e  e a s i l y  d e t e c t a b l e  b y  v i s u a l  e x a m i n a t i o n .  
P e r c e n t a g e  y i e l d  i n  n o d u l a r  c a s t  i r o n  f o u n d r y  r u n s  t o  7 5 $  a s  
a g a i n s t  8 0 $  i n  g r a y  c a s t  I r o n ,  7 0 $  i n  c a s e  o f  a l l o y  c a s t  I r o n s  
a n d  5 0 $  i n  m a l l e a b l e  I r o n s  c a s t i n g s .
The s i z e s  a n d  s h a p e s  c a s t  i n  n o d u l a r  i r o n  a r e  t o o  n u m e r­
o u s  t o  m e n t i o n .  C a s t i n g s  w e i g h in g  4 0 ,0 0 0  p o u n d s  e a c h  h a v e  b e e n  
c a s t  s u c c e s s f u l l y .  On t h e  o t h e r  h a n d  c a s t i n g s  w e i g h in g  few  
o u n c e s  h a v e  b e e n  c a s t ,  w i t h  v e r y  s u p e r i o r  p r o p e r t i e s .  A s e ­
l e c t e d  s e r i e s  o f  p h o t o g r a p h s  h a v e  b e e n  a t t a c h e d  i l l u s t r a t i n g  
t h e  d i v e r s i t y  o f  c a s t i n g s  p r o d u c e d *
P r o d u c t i o n  o f  n o d u l a r  I r o n  i s  a t t e n d e d  by  a  r i g i d  c o n t r o l  
o n  t h e  p r o c e s s .  The I n t e r n a t i o n a l  N i c k e l  Company w h ic h  I s s u e s  
l i c e n s e s  f o r  m a g n e s iu m  t r e a t m e n t  o f  c a s t  i r o n s  s e e s  t o  i t  t h a t  
f a c t o r s  i n f l u e n c i n g  t h e  s u c c e s s  o f  t h e  p r o c e s s  be c a r e f u l l y  
l o o k e d  a f t e r .  B u r g e s s ,  o f  t h e  G ra y  I r o n  F o u n d e r ’ s S o c i e t y  
o f  C l e v e l a n d ^  h a d  c r i t i c i z e d  t h e  p r o c e s s  a s  b e i n g  a  1 cook
1 /  B u r g e s s ,  C . 0 . ;  D i s c u s s i o n  i n  sym po sium  on n o d u l a r  i r o n ,  
T r a n s a c t i o n s  A m e r ic a n  F o u n d ry m e n ’ s  A s s o c i a t i o n ,  v o l .  5 7 ,  
p .  5 7 6 ,  1 9 4 9 .
b o o k 1 p r o p o s i t i o n .  P r o g r e s s  h a s  b e e n  made t o  t a k e  t h e  p r o ­
c e s s  o u t  o f  t h a t  c a t e g o r y  a n d  h u n d r e d s  o f  t o n s  o f  I r o n  i s  b e ­
i n g  n o d u l i z e d  o n  a  r e g u l a r  p r o d u c t i o n  b a s i s .
"d t̂ or« 
-d. whiU
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n e w  e n g in e e r in g  m a te r ia l  w h ich  c o m b in e s  
th e  p ro c e ss  a d v a n ta g e s  o f  c a s t  iron w ith  th e  
p r o d u c t  a d v a n ta g e s  o f  c a s t  s te e l  is d e s c r ib e d  
b y  th e  a u th o rs . C lo s in g  th e  g a p  b e tw e e n  ca s t  
iron  a n d  c a s t s te e l ,  th is  m a te r ia l  is c h a r a c te r ­
ise d  b y  a g r a p h ite  s tr u c tu re  w h o lly  in th e  fo rm  
o f  sp h e ro id s . Its  e x c e l le n t  p h y s ic a l  p r o p e r t ie s ,  
p a r tic u la r ly  high  e la s t ic  m o d u lu s , high y ie ld  
s tre n g th  a n d  h igh  d u c ti l i ty ,  su g g e s t  its s u ita ­
b ili ty  fo r  m a n y  a p p lic a tio n s  h e r e to fo r e  c o n ­




n o d u i a r
S o ? ■ *c a p p 1 i  c a t  i  o :: s 
a s t  i r o n ,
-r*
£ 0  «
F i g s .  9 ,  10 5: 1 1 .  Some a p p l i c a t i o n s  
o f  d u c t i l e  c a s t  i r o n .
r ig  1 C lu tch  p la te  c a s t  in d u c tile  iro n . C h e m ic a l a n a ly s is :  Si 2 .6 9 ,  S  0 .0 0 8 ,  M n 0 .2 4 ,  
P 0 .0 7 6 .  TC 3 .7 8 ,  Ni 0 .7 7 ,  M g 0 .1 0 0 .  M e c h a n ic a l  p r o p e r t i e s  of  c a s t i n g :  T ensile  
7 7 ,4 0 0  p s i ,  e lo n g a t io n  1 2 .0  p e r  c e n t,  r e d u c t io n  in a r e a  1 0 .4  p e r  c e n t ,  b h n  1 7 9 . M e c h a n ­
ic a l p ro p e r t ie s  of 1 -in. k e e l b lo c k:  T en sile  8 2 ,9 0 0  psi,  e l o n g a t i o n  1 5 .0  p e r  c e n t ,  r e d u c ­
t ion  in a r e a  1 1 .9  p e r  ce n t ,  b h n  19 6  
F ig. 2  —A g ro u p  o f  s m a ll  c a s t i n g s  p r o d u c e d  su cc ess fu l ly  in d u c t i le  c a s t  iron  
Figs . 3 - 4 —Duct i le  iron  c a s t in g s  p r o d u c e d  f o r  a g r ic u l t u r a l  im p le m e n t u se
p l a n t .  \V .  t i n  .I t ! : t . .  . l i l t ,  t • : t .
1,(15 p h <  ■> . i t .  . . l i t  l l . t i n  p .  t . ' l i t .  t " t
i.4(i o  n t  P h o s p h o r u s  u l ' i t u t  n . t in  p  i '
.2*1 5 . 7 5  pi t < i t i t . II P h o s p h o r u s  tt.L’o  | t  ■ ■ nt  m  l o u t .  i
. t<i t o t a l  i .Il i u m  ll.fttt p i  t' c i  l i t .
I l l  • m  il c a se  » v  t r e a t e d  t h e  m m  w ill) . V u  I. N o .
fry  • a n d  X u .  3  a llo y  a n d  in o c u la te d  w ith  0 . 7 a  p e r  c e n t  1. r
T iie  F o u n d r y — J a n u a r y ,  1950 T h e  F o u n d r y — J a n u a r y ,  1950
Fig. 4  — This c o rn e r  b rac k e i 
for a h ay  roke fro m e  m a d e  ol 
ductile iron is b o th  s tro n g  a n d
PIG . 6— C o m p resso r  h e a d , w eig h in g  
2 2 0 0  lb, u sed  for bursting tests .
econom ical to produce
Fig. 6 —H eavy m ach ine fram e 
casting  just rem oved  from  
m old
Fig. 7  — Typical sm all p arts  
m a d e o f  ductile  iron
Fig. 8 — C o m p resso r h e a d  
w eigh in g  2 2 0 0  lb . Tensile 
strength 6 0 ,4 0 0  psi, e lo n g a ­
tion 5  per c e n t. H ead  was 
burst h y d ro s ta tic a lly  a t  3950 
psi
Fig. 5 —S la g  p o t ca st o f  d u c­
tile iron show n b e fo re  g a tes  
an d  risers rem oved
F i g s *  12  & 13*  Some more a p p l i c a t i o n s  
o f  th e  new m a t e r i a l .
C a b L  1 IO I1  I S  H u m    „
first experim ents w ith  th is m aterial, 
ment w isely  and make haste slow ly.




Fig. 5 —S p ecim en s from 8-in . c la ss  1 50  du ctile  iron 
p ip e . C h em ical an a lysis: Si 2 .8 9 , S 0 .0 0 6 ,  Mn 0 .2 7 ,  
P 0 .0 6 2 , TC 3 .9 8 , M g 0 .0 5 8 .  M ech a n ica l p ro p er ­
ties: W all ten sile  6 7 ,3 0 5  psi, e lo n g a tio n  4 .5  p er  cent, 
r e d u c tio n  in a r e a  5 .7  per cen t. M ech a n ica l p ro p er ­
ties  o f  1-in . keel b lock: T ensile 8 2 ,9 0 0  psi, e lo n g a ­
tion  7  per cen t, red u ction  in a r e a  6.1 per cent, 
bhn 192
Fig. 6 —E ngine ca m sh a ft m a d e  o f  d u ctile  ca st iron 
Fig. 7 —Sh o w in g  vertical d e f le c tio n s  in ring crushing  
test on  8-in . class 1 5 0  d u ctile  iron p ip e  a t  left. S e c ­
tion in ring crushing test a t  righ t is s ta n d a rd  8-in .
C lass 1 5 0  su p er-d eL avau d  p ip e  
Fig. 8 —S in g le  turning 13  ft lo n g  o b ta in e d  in m a ­
ch in ing du ctile  iron k eel b lock . C h em ical a na lysis:  
Si 2 .9 5 ,  S 0 .0 1 3 ,  Mn 0 .3 2 , P 0 .0 3 9 ,  TC 3 .5 4 ,  
M g 0 .0 7 5 ,  N i 0 .6 9 .  M ech a n ica l properties: T en­
sile  1 0 3 ,2 0 0  psi, e lo n g a tio n  5 .5  per ce n t, reduction  
in a r e a  5.1 p ert cen t, bhn 241
R E G U L A R
T h e  F o u n d r y — J a n u a r y ,  11
F i g .  14 Some more a p p l i c a t i o n s  
o f  th e  d u c t i l e  c a s t  i r o n .
w ryl>4> *
P a r t  f o r  r e a r  a x l e  h o u s ­
in g  e m p l o y e d  o n  h e a v y  
e a r t h - m o v i n g  m a c h i n e
T w o a i  o f  s h o t g u n
r e o  ' c o s t i n g ,  N o t e
b e  ' r t i o ' i s  ' i t  h o f t o r r
V iew s o f  o p p o s ite  sides  
o f d ie s  used in fo r  in m g  
w ro u g h t  stoo l p ip e
F i g .  1 5 .  Some a p p l i c a t i o n s  o f  
th e  d u c t i l e  c a s t  i r o n .
•1:JT
P o t e n t i a l  A p p l i c a t i o n s  
F e r r o u s  m a t e r i a l s  h a v i n g  c a r b o n  i n  g r a p h i t i c  f o r m s  b e ­
l o n g  t o  t h e  f o l l o w i n g  c l a s s © s i
1* M a l l e a b l e  i r o n s  o f  a l l  k i n d s  
2* C a s t  i r o n s  o f  a l l  k i n d s  
3 .  G r a p h i t i c  s t e e l s  
C o m p a r is o n  o f  t h e  n o d u l a r  i r o n s  w i t h  t h e  f i r s t  tw o h a s  
a l r e a d y  b e e n  made a n d  i t  h a s  b e e n  show n t h a t  on  g r o u n d s  o f  
s u p e r i o r  p h y s i c a l  p r o p e r t i e s  a t t a i n e d  w i t h o u t  a n y  c o s t l y  a l ­
l o y i n g ,  o r  h e .a t  t r e a t m e n t ,  o n  g r o u n d s  o f  h e a t - r e s i s t a n c e ,  
g r o w th  r e s i s t a n c e ,  m a c h i n a b i l i t y ,  h i g h e r  p e r c e n t a g e  o f  y i e l d ,  
a n d  a  u n i f o r m  s t r u c t u r e  much l e s s  s e n s i t i v e  t o  s e c t i o n a l  v a r i  
a t i o n s ,  n o d u l a r  i r o n s  w i l l  f i n d  p o p u l a r  u s a g e  i n  co m in g  y e a r s  
A t t e m p t s  h a v e  b e e n  made a t  t h e  F o r d  M o to rs  t o  r e p l a c e  
t h e  g r a p h i t i c  s t e e l s  u s e d  f o r  c r a n k s h a f t s ,  b y  n o d u l a r  i r o n s  
f o r  t h e  samp p u r p o s e .  V e n n e r h o l m l /  r e p o r t s  v e r y  p r o m i s i n g
2 /  V e n n e rh o lm  & o t h e r s :  K o d u l a r  c a s t  i r o n s ,  F o u n d ry  T ra d e  
J o u r n a l ,  v o l .  8 0 ,  no* 1 7 4 9 , p .  2 5 5 ,  M arch  9 ,  1 9 5 0 .
r e s u l t s  a f t e r  two y e a r s  o f  e x t e n s i v e  t e s t s *
E a g a n  & Ja m es  o f  t h e  C o o p e r -B e s s e m e r  C o r p o r a t i o n ,  G rove  
C i t y ,  P e n n s y l v a n i a ,  h a v e  r e p o r t e d  s u c c e s s f u l  a p p l i c a t i o n  o f  
n o d u l a r  c a s t  i r o n s  f o r  c o m p r e s s o r s  an d  g a s  e n g i n e s .  M o st o f  
t h e i r  c a s t i n g s  o f  l a r g e  and  n e a v y  s e c t i o n s  a n d  t h e i r  e x p e r i ­
m e n t a l  w ork  h a s  p o i n t e d  o u t  t o  th© s u p e r i o r  p r o p e r t i e s  o f  
n o d u l a r  c a s t  i r o n s  i n  s u c h  h e a v y  s e c t i o n s .  D u r in g  t h e  p a s t  
t e n  y e a r s  dem and f o r  c o m p r e s s o r s  f o r  c o n t i n u o u s  o p e r a t i o n  a t
h i g h  d i s c h a r g e  p r e s s u r e s  o f  1 ,0 0 0  p s i  h a s  r a p i d l y  i n c r e a s e d .
1 /  E d i t o r i a l :  N o d u la r  s h o u l d  w id e n  t h e  m a r k e t ,  F o u n d r y ,  M arch  
1 9 4 9 .
To m e e t  t h i s  dem and t h e  m a n u f a c t u r e r  h a s  b e e n  u s i n g  c a s t ,  
. f o r g e d  o r  w e ld e d  s t e e l  c o n s t r u c t i o n  a t  50 to  1 0 0 $  i n c r e a s e  I n  
c o s t  b o t h  t o  h im  a n d  t o  t h e  u l t i m a t e  c o n s u m e r .  C a s t  s t e e l *  
h a s  b e e n  fo u n d  to  be u n s a t i s f a c t o r y  b e c a u s e  t h e  d e s i g n  r e ­
q u i r e d  f o r  t h e  p a r t s  d o e s  n o t  r e a d i l y  l e n d  i t s e l f  t o  b e i n g  
c a s t  i n  s t e e l .  The a u t h o r s  a l s o  r e p o r t  a n  i n t e r e s t i n g  t e s t  
- -  p a r t i c u l a r l y  s u i t e d  f o r  t e s t i n g  t h e i r  p r o d u c t s .  The 
p r o d u c t  i s  s u b j e c t e d  t o  a  p u l s a t i n g  h y d r a u l i c  l o a d i n g  w i t h  
p r e s s u r e s  p u l s a t i n g  b e tw e e n  0  t o  a  p r e d e t e r m i n e d  u p p e r  v a l u e ,  
a t  t h e  r a t©  o f  550 t i m e s  a  m i n u t e .  The c o m p a r a t i v e  r e s u l t s  
o b t a i n e d  o n  t h e  g r a y  c a s t  i r o n ,  c a s t  s t e e l ,  c l a s s  60 s p e c i a l  
a l l o y  i r o n  a n d  d u c t i l e  i r o n  a r e  a s  f o l l o w s :
C l a s s  40  g r a y  i r o n  0  t o  1500  p s i
G l a s s  6 0  s p e c i a l  a l l o y  . i r o n  . . 0  t o  2 0 0 0  p s i
. O a s t  s t © o l  . . « » * . . . « * * . . . « * • * .  0  t o  5000 p s i
D u e t i l e  i r o n    0 t o  3500 p s i
F o r  a  m ore d e t a i l e d  d i s c u s s i o n  o f  t h i s  i n t e r e s t i n g  e x ­
p e r i m e n t ,  r e a d e r  i s  r e f e r r e d  t o  E ag a n  a n d  J a m e s 1 a r t i c l e  in . 
I r o n  A g e M
I ^ E a g a n [M J am es?  A p r a c t i c a l  e v a l u a t i o n  o f  d u c t i l e  c a s t  
I r o n ,  I r o n  A ge, v o l .  1 6 4 ,  D ecem b er  1 5 ,  1 9 § 9 .
Max KX m iansky o f  t h e  L u n c h b u rg  F o u n d ry  Com pany, L y n c h ­
b u r g ,  V i r g i n i a . ,  r e p o r t s  some I n t e r e s t i n g  a p p l i c a t i o n s  o f
3 6 .
n o d u l a r  i r o n .  Th© f o l l o w i n g  e x p e r i m e n t a l  e v i d e n c e  show s t h e
2 /  K u n i a n s k y ,  Max: P ro b le m s  i n  p r o d u c i n g  d u c t i l e  c a s t  i r o n ,  
I r o n  W o rk e r ,  P a l l  I s s u e ,  1 9 4 9 .
a p p l i c a b i l i t y  o f  n o d u l a r  i r o n  i n  p i p e s ;  th© p i p e s  c o n s i d e r e d  
a r e  8  i n c h e s  I n  d i a m e t e r  a n d  h av e  w a l l  t h i c k n e s s  o f  l / 4  i n c h .  
T h ey  a r e  c a s t  b y  t h e  S u p e r -D e L a v a u d  m e th o d .
T a b le  3
P r o p e r t i e s * C o n v e n t i o n a l
I r o n
C a s t  N o d u la r  I r o n
W a l l  t e n s i l e  p s i 3 0 ,0 0 0 7 5 ,0 0 0
B u r s t i n g  t e n s i l e  p s i 2 2 ,0 0 0 6 0 ,0 0 0
M o d u lu s  o f  r u p t u r e  p s i 5 5 ,0 0 0 1 2 5 ,0 0 0
E l o n g a t i o n  ( T a l b o t  s t r i p )  
I m p a c t  ( 6 0  l b .  hammer
n o n e 5*0% p l u s
f ro m  5 f ) f a i l s 30 b lo w s  no 
f a i l u r e
K u n ia n s k y  h a s  r e p o r t e d  f a v o r a b l e  r e s u l t s  on  m any f a r m  
I m p le m e n ts  o f  a l l  s i z e s .  P h o t o g r a p h s  o f  some o f  t h e s e  h a v e  
b e e n  r e p r o d u c e d .  Donoho o f  t h e  A m e r ic a n  C a s t  I r o n  P i p e  Com­
p a n y  o f  B irm in g h a m , A la b a m a ,  r e p o r t s  s i m i l a r  t e s t s  o n  p i p e s  
a n d  c o n c l u d e s  t h a t  s t r e n g t h s  two t o  t h r e e  t i m e s  m ore a r e  o b ­
t a i n e d  t h a n  t h o s e  f r o m  o r d i n a r y  c a s t  i r o n s  and  t h a t  t o u g h n e s s  
a n d  i m p a c t  r e s i s t a n c e  a r e  s t i l l  more Imp r e s s l v e .  R e e s e  o f  
INCO r e p o r t s  t h e  p r o g r e s s  on  t h e  t e s t s  c a r r i e d  o u t  o n  d i e s  
a n d  m o u ld s  o f  n o d u l a r  c a s t  i r o n s  w h e re  i t  I s  s u b j e c t e d  to  
t h e r m a l  s h o c k s .  H© w as u n a b l e  t o  r e p o r t  t h e i r  l i f e  b e c a u s e  
a f t e r  y e a r s  o f  c o n t i n u o u s  s e r v i c e  t h e y  h a d  f a i l e d  t o  show  a n y  
s i g n  o f  w e a r  a n d  c r a c k s .
Many o t h e r  s c a t t e r e d  r e p o r t s  show  t h a t  n o d u l a r  i r o n s
h a v e  b e e n  r a p i d l y  a d o p t e d  f o r  a  v a r i e t y  o f  j o b s  i n  a l l  b r a n c h e s  
o f  i n d u s t r y #  Th© a u t o m o t i v e  i n d u s t r y  f o r  < b r a n k s h a f t s ,  c y l i n ­
d e r  b l o c k s ,  c a s i n g s ,  e t c . ;  t h e  a g r i c u l t u r e  i n d u s t r y  f o r  p i p e s ,  
c o m p r e s s o r s ,  p u m p s , a g r i c u l t u r a l  m a c h i n e r y ,  c o u p l i n g s ,  
c l u t c h e s ,  f l y - w h e e l s ,  e t c . ;  t h e  r a i l r o a d  I n d u s t r y  f o r  u s i n g  
t h e  m a t e r i a l s  o n  c a r  w h e e l s ,  c a s i n g s ,  a n d  many o t h e r  p a r t s ,  
t e x t i l e  m a c h i n e r y ,  r o l l i n g  m i l l  h o u s i n g s ,  b e d  p l a t e s ,  h e a v y  
f r a m e s ,  I r o n  c y l i n d e r s ,  f o r  f o r g i n g ,  e t c . ;  m a r in e  e q u ip m e n t ,  
p a p e r  m a c h in e r y  a n d  h u n d r e d s  o f  o t h e r  u s e s  t o o  n u m e ro u s  t o  
m e n t i o n .
The o n l y  d r a w b a c k  o f  t h e  n o d u l a r  c a s t  i r o n  i s  i n  i t s  low  
d a m p in g  c a p a c i t y  w h ic h  i s  a b o u t  e q u a l  t o  t h a t  o f  s t e e l . '  O a s t  
i r o n s  w i l l  p r o b a b l y  b e  p r e f e r r e d  w h e re  d a m p in g  i s  an  e s s e n t i a l  
r e q u i r e m e n t *
D e s p i t e  t h i s  o n l y  d r a w b a c k  t h e  n o d u l a r  i r o n  w i l l  c o n t i n u e  
t o  I n c r e a s e  I n  p o p u l a r i t y  w here  p r o c e s s  f a c i l i t i e s  o f  c a s t  
i r o n ,  c o m b in ed  w i t h  t h e  p r o d u c t  p r o p e r t i e s  o f  s t e e l  a r e  r e ­
q u i r e d *
T h e r e  I s  much c o n f u s i o n  a ro u n d  d u e  t o  t h e  p u b l i c i t y  
g e n e r a t i n g  f r o m  t h e  w ork  o n  n o d u l a r  c a s t  i r o n s *  I t  h a s  b e e n  
h i n t e d  t h a t  a s  a  r e s u l t  o f  t h i s  d e v e l o p m e n t ,  t h e  m a l l e a b l e  
i r o n  a n d  t h e  c a s t  s t e e l  I n d u s t r y  w i l l  l o s e  b u s i n e s s .
I n s t e a d  o f  d a m a g in g  a n y  p a r t i c u l a r  s e g m e n ts  o f  t h e  f o u n d r y  
I n d u s t r y ,  i t  se em s m ore  p r o b a b l e  t h a t  t h e  v e r y  n a t u r e  o f  t h e s e  
d e v e l o p m e n t s  s h o u l d  w id e n  t h e  m a r k e t s  f o r  c o m p o n e n ts  p a r t s  
p r o d u c e d  by  t h e  c a s t i n g  p r o c e s s *
Th© g r a y  c a s t  i r o n  f o u n d r y  men s h o u l d  be  r i g h t f u l l y  e n -  
t h u s i a s  t i c  o v e r  n o d u l a r  i r o n s ;  i t  i s  w i t h  g r e a t  s a t i s f a c t i o n  
t h a t  i t  I s  r e c o r d e d  h e r e  t h a t  t h e  m a l l e a b l e  i r o n  men t o o  h a v e  
show n t e n d e n c i e s  t o  a c c e p t  t h i s  m a t e r i a l *  The f i r s t  s t a g e  
c r i t i c i s m  l i k e  th© p r o c e s s  b e i n g  a  b o o k -b o o k  p r o p o s i t i o n  h a v e  
l o n g  b e e n  w i th d ra w n *
N o d u l a r  i r o n  n a s  a  d e f i n i t e  p l a c e  o f  i t s  own*
E c o n o m ic s  o f  t h e  P r o d u c t j o n
T hough  t r a n s l a t i o n  o f  t h e  e x t e n s i v e  r e s e a r c h  i n t o  r e g u l a r  
f o u n d r y  p r o d u c t i o n  i s  h a r d l y  a  y e a r  o l d *  t h o u s a n d s  o f  t o n s  o f  
c o m p o n e n t  p a r t s  h a v e  b e e n  p ro d u c e d *  T h i s  h a 3  l e d  t o  c o n s i d e r ­
a b l e  a c c u m u l a t i o n  o f  c o s t  d a t a  i n  t h e  p r o d u c t i o n  o f  n o d u l a r  
i r o n *
I n  c o n s i d e r i n g  t h e  e v i d e n c e  a t  o u r  d i s p o s a l *  on© i m p o r t a n t  
f a c t  m u s t  b e  k e p t  i n  m ind - -  t h a t  n o n e  o f  t h e s e  c o n c e r n s  a r e  
e n g a g e d  i n  t h e  same b u s i n e s s *  n o n e  o f  th e m  a r e  l o c a t e d  i n  t h e  
sara© n e i g h b o r h o o d  o f  raw  m a t e r i a l s *  n o n e  o f  th em  h a n d l e  t h e  
s a me s i z e  a n d  to n n a g e  o f  c a s t i n g s ,  n o n e  o f  th em  h a v e  t h e  same 
f o u n d r y  p r a c t i c e .
Any d i s c u s s i o n  o f  th e  c o s t  o f  t h e  m ag n es iu m  t r e a t m e n t *  
t h e r e f o r e * ^ s h o u l d  c o n c e r n  i t s e l f  w i t h  th© m o t a l  c o s t  a l o n e  
a n d  s h o u l d  e x c l u d e  th e  I n d i r e c t *  o v e r h e a d ,  d e l i v e r y  a n d  o t h e r  
s u c h  c o s t s *
R e e s e i o f  t h e  I1TC0 h a 3 c l a s s i f i e d  t h e  m e t a l - c o s t s  i n t o
2 /  R eese*  D o n a ld  J . * s  E conom ic  c o n s i d e r a t i o n s  i n  p r o d u c i n g  
m a g n e s iu m  c o n t a i n i n g  i r o n s ,  The F o u n d r y ,  v o l .  7 8 ,  n o .  5 ,  
p .  120* May 1 9 5 0 .
th© f o l l o w i n g  s u b d i v i s i o n s t
1 .  H o t  m e t a l  e x p e n s e  
2* E d u c a t i o n a l  e x p e n s e  
3 .  C o n t r o l  e x p e n s e
4# M agnes iu m  t r e a t m e n t  e x p e n s e  ( i n c l u d e s  
i n o c u l a t i o n  a l s o )
5* R o y a l t i e s
H o t m e t a l  c o s t  a t  a n y  f o u n d r y  d e p e n d s  u p o n ,  among o t h e r  
t h i n g s ,  t h e  t y p e  o f  i r o n  i t  h a 3  b o o n  u s i n g .  How t h e  c o s t  o f  
p r o d u c i n g  c l a s s  20  i r o n  i s  n o t  t h e  same a s  t h a t  i n  p r o d u c i n g  
c l a s s  4 0  o r  60  i r o n .  The c o s t  i n c r e a s e s  a s  t h e  c l a s s  num ber 
i n c r e a s e s  *
H o w ev e r  t h o  i n t e r e s t i n g  p a r t  o f  t h i s  c o n s i d e r a t i o n  l i e s  
i n  t h e  f a c t  t h a t ,  w h e t h e r  a  c l a s s  20  i r o n  i s  b e i n g  t r e a t e d  
o r  a  c l a s s  60 i r o n  i s  t r e a t e d ,  t h e  f i n a l  n o d u a l r  i r o n  h a v e  
m ore o r  l e s s  t h e  same p h y s i c a l  p r o p e r t i e s .  T h i s  i s  due  t o  
t h e  f a c t  t h a t  th© f a c t o r s  t h a t  d e c i d e  t h e  c l a s s  f o r  t h e  g r a y  
i r o n  h a v e  no s a y  i n  t h e  u l t i m a t e  t y p e  o f  t h e  n o d u l a r  i r o n  
r e s u l t i n g .  I t  i s  w e l l  w o r th  r e c a p i t u l a t i n g  h e r e  t h a t  so  
f a r  a s  c h e m i c a l  f a c t o r s  go c a r b o n  a n d  s i l i c o n  i n f l u e n c e  t h e  
m a t r i x  ( w h e t h e r  p e a r l i t i c  o r  f e r r i t i c )  a n d  h e n c e  i t s  t e n s i l e  
p r o p e r t i e s ,  a n d  m a n g a n ese  a n d  p h o s p h o r u s  i n f l u e n c e  t h e  d u c ­
t i l i t y  o f  t h e  p r o d u c t  ( h i g h  a m o u n ts  o f  t h e s e  l o w e r i n g  t h e  
d u c t i l i t y  o f  t h e  i r o n ) .
The f a c t  t h a t  n o d u l a r  i r o n s  c a n  b e  p r o d u c e d  i n  t h e  com­
p o s i t i o n  r a n g e  o f  2 . 5 $  C t o  4 . 5 $  C .a n d  w i t h  s i l i c o n  f r o m  1 . 0  
t o  4 . 5 $ ,  g i v e s  a  w id e  l a t i t u d e  o f  f u r n a c e  f e e d  a t  t h e  d i s p o s a l
o f  t h e  m e l t e r . '  The h i g h  q u a l i t y  c o n s i d e r a t i o n s  - -  so  im­
p o r t a n t  i n  t h e  a m l l e a b l e  i r o n  i n d u s t r y  a r e  f u r t h e r  o u t ­
w e ig h e d  b y  t h e  f a c t  t h a t  a  h i g h  c a r b o n  h i g h  s i l i c o n  i r o n  i s  
much m ore f l u i d  an d  c a s t a b l e  t h a n  a c o n v e n t i o a l  w h i t e  i r o n  
t a p p e d  o u t  o f  an  a i r  f u r n a c e .
A n o th e r  i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  d i s c u s s i o n  o f  
t h e  m e t a l  c o s t  i s  t h a t  o f  t h e  d e s i g n  m o d i f i c a t i o n s .  A re  we 
g o i n g  to  .sue  t h e  sam e am o u n t o f  n o d u l a r  i r o n  f o r  a  p a r t i c u l a r  
j o b  a s  we w ere  u s i n g  o r d i n a r y  g r a y  i r o n ?  T h e re  i s  a  hum an 
a n g l e  t o  t h i s  s u b j e c t  w h ic h  p r e v e n t s  a n y  o u t r i g h t  s t a t e m e n t  
b e i n g  m ade; h o w e v e r  a s  t h e  m a ss  o f  e x p e r i m e n t a l  e v i d e n c e  
c o n t i n u e s  t o  g ro w , i t  w i l l  s e r v e  a s  an  i m p e t u s  f o r  t h e  d e ­
s i g n e r  t o  s h a k e  o f f  h i s  i n e r t i a  a n d  r e a d j u s t  h i s  d e s i g n s  i n  
t h e  l i g h t  o f  h i g h e r  p h y s i c a l  p r o p e r t i e s  o b t a i n a b l e  w i t h  l e s s e r  
a m o u n ts  o f  m e t a l .  W ith  a n  a l m o s t  300$  i n c r e a s e  i n  t e n s i l e  
s t r e n g t h ,  i t  i s  a  m o d e s t  g u e s s  t o  p l a c e  t h e  s a v i n g s  i n  t h e  
a m o u n ts  o f  m e t a l  u s e d  a t  25$*  T h i s  i n  i t s e l f  i s  a  c o n s i d e r ­
a b l e  c o s t  r e d u c t i o n .
C o n t i n u i n g  w i t h  H e e s o ’ s  c l a s s i f i c a t i o n  o f  c o a t  c o n s i d e r ­
a t i o n s ,  t h e r e  i s  much w isd o m  an d  j u s t i f i c a t i o n  I n  p r o v i d i n g  
f o r  t h e  ’ e d u c a t i o n a l  c o s t 1 . A l th o u g h  much c a n  b e  a b s o r b e d  
f ro m  t h e  w o rk  o f  o t h e r s ,  t h e  p r o d u c e r  w i l l  h a v e  t o  go i n  
p ro o f* - to  s t i n g ,  i n  o r d e r  t o  b e  s u r e  o f  h i s  p r o d u c t s .  A c o n ­
s t a n t  r e s e a r c h  h e l p s  i n  t h e  l o n g  way i n  a  b i g  w a y .
C o n t r o l  e x p e n s e  i n  a  f o u n d r y  p r o d u c i n g  n o d i i l a r  i r o n  i s  
a p t  t o  b e  h i g h .  A r i g i d  c o n t r o l  o n  t h e  s u l p h u r  i s  e s s e n t i a l  
a s  i t  i s  t h e  f i r s t  t o  consum e Mg u n t i l  i t  i s  rem o v ed  t o  t h e
e x t e n t  o f  0 . 0 2 $ .  The e s t i m a t i o n  o f  r e s i d u a l  m ag n e s iu m  i s  
a l s o  I m p o r t a n t  a s  a  c o r r e c t  r a n g e  m u s t  b© m a i n t a i n e d .  R e ese  
q u o t e s  t h e  e x p e n s e  o f  one  e s t i m a t i o n  o f  m ag n es iu m  i n  a  w e l l
s e t  l a b o r a t o r y  t o  be 1 .2 5  ( i t  was 4*5.00 t o  § 1 0 .0 0  p e r  e s t i m a ­
t i o n  a  f e w  y e a r s  a g o ) .  Ke a l s o  q u o t e s  one  f o u n d r y  s p e n d i n g  
$ 4 0 . 0 0  f o r  c o n t r o l  e x p e n s e s  when p r o d u c i n g  n o d u l a r  i r o n .  I t
s h o u l d  h o w e v e r  b e  s a i d  h e r e  t h a t  b o t h  e d u c a t i o n a l  a n d  c o n t r o l  ♦
e x p e n s e s  a r e  i t e m s  w h ic h  c a n  be  r e d u c e d  © v e ry  y e a r ,  a s  p r a c ­
t i c e  b eco m es  s t a n d a r d i z e d  i n  a n y  s h o p .
C o a t  o f  t h e  m ag n es iu m  t r e a t m e n t  d e p e n d s  u p o n  t h e  t y p e  
o f  a l l o y  u s e d  . arid t h e  p e r c e n t a g e  r e c o v e r y  o f  m ag n es iu m  o b ­
t a i n e d  t h e r e f r o m .  T h e re  a r e  a v a i l a b l e  o n  t h e  m a r k e t ,  mag­
n e s i u m  a l l o y s  o f  v a r i o u s  c o m b i n a t i o n s  a n d  p r i c e s  r a n g i n g  
f r o m  15 c e n t s  p e r  p ou n d  t o  a  d o l l a r  p e r  p o u n d .  R e c o v e r i e s  
r e p o r t e d  i n  t h e  l i t e r a t u r e  a l s o '  v a r y  o v e r  a  w id e  r a n g e  f r o m  
25  t o  9 0 $ .  W ith  a  1 5 $  a l l o y  g i v i n g  9 0 $  r e c o v e r y  t h u s  n e e d ­
i n g  15  p o u n d s  o f  th© a l l o y  p e r  t o n  o f  m e t a l ,  t h e  c o s t  o f  
t r e a t m e n t  w o u ld  b e  $ 2 . 5 0  p e r  t o n  o f  m e t a l .  W ith  s n  a l l o y  
c o s t i n g  75  c e n t s  p e r  p o u n d  and  g i v i n g  a  r e c o v e r y  o f  30$  —  
t h u s  n e e d i n g  7 5  p o u n d s  o f  i t ,  t h e  c o s t  w o u ld  b e  $ 1 7 5 .0 0  p e r  
t o n .  N & t u r a l l y  t h e  t e n d e n c y  w i l l  be t o w a r d s  a  low  c o a t  a l l o y  
y i e l d i n g  a  h i g h  r e c o v e r y .  R e ese  g i v e s  an  a v e r a g e  f i g u r e  o f  
§ 1 0 .0 0  p e r  t o n  o f  m e t a l  u s i n g  a  20 c e n t s  p e r  p o u n d  a l l o y  g i v ­
i n g  6 0 $  y i e l d .  V e n n e rh o lm S /  a n d  h i s  a s s o c i a t e s  a t  t h e  F o r d
2 /  V e n n e rh o lm s  N o d u la r  b a s t  i r o n ,  F o u n d r y  T ra d e  J o u r n a l ,  
v o l .  8 8 ,  n o .  1 7 4 9 ,  p .  2 5 5 ,  M arch 9 ,  1 9 5 0 .
. . . .  •-TABI|K T H .
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Specification. per cen t. N i 0 .8 0  









d uctility  
(annealed) ,
Y ield  p o in t, to n s  per sq . in .. . — — 15 .6 19.2 15.6 37 .9 35. 7 24.5 26.1
T ensile  s tre n g th , to n s per sq . in . 13.4 3 1 .2 2 3 .6 2 6 .8 29.0 46 .9 44 .6 35.7 10
29.0
16
20E lo n g a tio n , per cen t, on 2 in . — — 18
10
I i -
1 7 1 .5 
1 O.R eduction in  a rea , per cen t. — — — 3o 35
217B .H .N . ............................................ 190 286 130 170 130 2.).) 190 I 611
E la s t ic i ty  ( x 106 lb . p e r sq . in .) 19 21 25 25 30 30 24 24 24
Im p ac t f t.- lb . on 0.798 d ia . b a r 10 20 — — — 40 1 SI 1 ~t,u
T yp e  of m eltin g  u n it Cupola Cupola C up ./E lec t. C up ./E lect. Elect. Fee Elect. Fee. Cupola < ‘upola ( upola
H eat t re a tm e n t N one None A nneal A nneal Anneal ()uenell >Vtem per
None N< me \ nil' a 1
C asting y ie ld , per cent. 
R elative Metal C o s t :—
80 75 52 50 50 50 7' i 7o
C astings
Raw m a te r ia l 40 .81 70.73 40 .40 40 .95 ! 31 .85 46.84 59.64 63.86 6 3 . *6
C onversion  
H eat t r e a tm e n t










4 7 . 56 7 7 . 93 64 . 00 65.13 72.68 9 6 .67 67.35 72.51 7* 51
T a b l e  V III .— Tabulation of Coal Sum m ary of Ferrous Casting Alloys {Dollars). 









0.20  Cr 
1 .0  Mo
Malleable ! J ^ ^ b f e  I Steel 
Iroa i ™  (S.A.E.








D uctility  
(as cast).
1 High- 
1 ductility  
| (annealed)
r —w<ry pig iron 20.34 21.85 29.80
NaRraMe pig iron . . . 31 .13  32.55 ;
Ctiar. pig iron . . 30.00 30.00
Ha»le pig iron . .
HteH scrap 5.25 5 .60 9 .25  8 .40  | 28.00 28.00 9.98 14.00 14.00
Auto, cas t iron 15.00 13.20 i |
Ferro manganese 0 .22 0 .44 | 1.73 3.02
Ferro silicon 2.12 2.12 1.16 1.16 1.16
v Ferro chrome 1.23 8 .20
Molybdenum 22. INI 5 .50
N ic k e l ...................................................... 6 .40
Copper 3.50 7.00
.Magnesium alloy 18.70 18.70 18.70
46.81 76.73 46.40 40.95 31.85 46.84 59.64 63.86 63.86
Conversion.
Cupola 6 . 75 7.26 7.71 8.65 8.65.
Cupola/elect, and a ir fee. 14.60 1 15.18
Electric (based o u s te d ) 31.83 31.83
H eat treatm ent 9 .00 9 .00 9.00 18.00 1 6 .00
47.56 1 11,93 ] 64.1H) A . 65,13 I 72.08 1 90.07
T a b le s  Z,  4 .  V e n n er iio lm * s a n a l y s i s  o f  
p r o d u c t io n  c o s t s .
M o to r s  Company h a v e  q u o t e d  $ 1 7 .8 0  f o r  t h i s  c o s t .  R e h d e r ,  o f  
t h e  B u re a u  o f  M in es  a t  O t t a w a ,  C a n a d a ^  h a s  s u g g e s t e d  h i e  u s e
l / R e h d e r , J • E • :  M ag nes ium  a d d i t i o n s  and  d e s u l p h u r i z a t i o n  o f  
c a s t  i r o n s ,  A m e r ic a n  P o u n d ry ia a n ,  v o l .  1 6 ,  p .  3 3 ,  M arch  1949
o f  a n  i n t e n s e  a l k a l i  d e s u l p h u r i z e r  i f  t h e  s a v i n g s  i n  t h e  c o s t  
o f  t h e  m ag n e s iu m  a l l o y  s h o u l d  j u s t i f y  t h e  c o s t  o f  t h e  a l k a l i .  
R e h d e r ^  a n a l y s i s  o f  t h e  c o s t  i s  p e r h a p s  on  t h e  c o n s e r v a t i v e  
s i d e  o f  t h e  p i c t u r e .  H i s  t o t a l  c o s t  o f  t r e a t e d  m e t a l  f a l l s  
w i t h i n  $ 4 3 . 0 0 ,
R o y a l t i e s  t o  t h e  I n t e r n a t i o n a l  N i c k e l  Company f o r  t h e  
u s e  o f  t h e i r  p a t e n t  am oun t t o  a  f i x e d  sum p e r  annum I n  l i e u  
o f  a  t o n n a g e  r o y a l t y .  R a e s e ^  q u o t e s  t h i s  t o n n a g e  r o y a l t y
2 /  R e e s e ,  D ona ld  J . : D u c t i l e  i r o n ,  F o u n d r y ,  v o l .  7 8 ,  n o .  1 ,  
p .  5 8 .  ________________________
a t  a  f r a c t i o n  o f  a  c e n t e r  p e r  p o u n d ,  a n d  j u s t i f i e s  o n  t h e  
g r o u n d  t h a t  a t  one  o f  t h e  f o u n d r i e s  t h i s  r e p r e s e n t s  o n l y  2 ~ l / 2 $  
o f  t h e  s a v i n g s  a f f e c t e d  b y  t h e  t r e a t m e n t .
CHAPTER I I I
PHYSICAL PROPERTIES AND HEAT TREATMENT OF NODULAR IRONS
The p h y s i c a l  p r o p e r t i e s  o f  t h e  n o d u l a r  i r o n s  h a v e  b e e n
q u i t e  e x t e n s i v e l y  i n v e s t i g a t e d  b y  a l m o s t  a l l  t h e  w o r k e r s
l i s t e d  i n  t h e  b i b l i o g r a o h y .  A l th o u g h  a  g r e a t l y  s u p e r i o r  s e t
o f  p r o p e r t i e s  r e s u l t s  d u e  t o  th e  t r e a t m e n t  o f  th e  b a s e  m e t a l ,
t h e  p r o p e r t i e s  h a v e  n o t  b e e n  o f  t h e  same l e v e l  i n  a l l  c a s e s .
V e r y  r e c e n t l y  Reese-3/ h a s  p r o p o s e d  a  s y s t e m  o f  c l a s s i f i c a t i o n
l /  R e e s e , D o n a l d  J .Y  M agnosium  c o b t a i n i n g  i r o n , This F o u n d r y ,  
v o l .  7 0 ,  n o .  5 ,  p .  1 2 4 ,  May 1 9 5 0 .______________________________
o f  t h e  n o d u l a r  i r o n  a c c o r d i n g  to  t h e  t e n s i l e  s t r e n g t h ,  y i e l d  
p o i n t ,  a n d  e l o n g a t i o n .  T h i s  s y s t e m  h a s  b e e n  r e p r o d u c e d  h e r e  
i n  t a b u l a r  f o r m  ( T a b l e  5 ) .  I n  t h e  f o l l o w i n g  p a g e s ,  v a r i o u s  
p h y s i c a l  p r o p e r t i e s  and  t h e  i n f l u e n c e  o f  h e a t  t r e a t m e n t  a s  
f o u n d  b y  p r e v i o u s  w o r k e r s ,  h a v e  b e e n  e n u m e r a t e d .
The T e n s i l e  P r o p e r t i e s
P u r e  f e r r i t e  h a s  a  t e n s i l e  s t r e n g t h  a r o u n d  3 8 ,5 0 0  p s l .  
C a s t  i r o n s  h a v e  a  t e n s i l e  s t r e n g t h  f r o m  3 0 ,0 0 0  t o  6 0 ,0 0 0  p s i ,  
p e a r l i t i c  m a l l e a b l e  i r o n s  h av e  a n  averag;© o f  7 5 ,0 0 0  p s i  w i t h  
a n  e l o n g a t i o n  o f  2 t o  3 p e r  . c e n t .  N o d u l a r  i r o n s  h a v e  a  t e n ­
s i l e  s t r e n g t h  o f  f ro m  6 5 ,0 0 0  t o  1 2 0 ,0 0 0  p s i  a n d  f i g u r e s  h a v e  
b e e n  r e p o r t e d  w h e re  1 3 7 ,0 0 0  p s i  h a s  b e e n  r e a c h e d .
P e r h a p s  a  b e t t e r  way t o  e x p r e s s  t h e  s u p e r i o r  t e n s i l e  
p r o p e r t i e s  o f  n o d u l a r  i r o n  i s  to  co m p are  t h e  m e r i t  n u m b ers  
o f  v a r i o u s  f e r r o u s  m a t e r i a l s .  T h is  n u m b e r  i s  o b t a i n e d  b y  
m u l t i p l y i n g  t h e  t e n s i l e  s t r e n g t h  b y  c o r r e s p o n d i n g  p e r c e n t a g e
Grade TSpsi YSpsi E% 1
90-65-02 90,000 65,000 2.0
The minimum properties for two grades of an in­
termediate ferritic-pearlitic type showedt
Grade TSpsi YSpsi E%
80-60-05 80,000 60,000 5.0
70-50-08 70,000 50,000 8.0
The minimum properties for 
type showed:
any grade of a ferritic
Grade TSpsi YSpsi E%
60-45-15 60,000 45,000 IAjOA V ,V  J
,r ..
T a b le  5* S y s te m  o f  g r a d i n g  p r o p o s e d  b y  
H e e se  o f  I n t e r n a t i o n a l  N i c k e l  Com pany,
e l o a g a t i o r u  By t h e m s e l v e s  t e n s i l e  s t r e n g t h  o r  t h e  p e r c e n t a g e  
e l o n g a t i o n  d o e s  n o t  g i v e  a n  a c c u r a t e  p i c t u r e  o f  t h e  m a t e r i a l ,  
g e n e r a l l y  a s  t h e  t e n s i l e  s t r e n g t h  g o e s ' u p ,  t h e  e l o n g a t i o n  g o e s  
down* The m e r i t  n u m b er  o f  t h e  m e t a l  b r i n g s  t h i s  p o i n t  o u t
v e r y  s t r i k i n g l y . H ie  f o l l o w i n g  t a b l e  g i v e s  th e n u m b ers  o f
v a r i o u s  f e r r o u s m a t e r i a l s }
T a b le  6
M a t e r i a l Q u a l i f i c a t i o n s M e r i t  Num ber
N o d u l a r  I r o n As c a s t 1 5 0 ,0 0 0
N o d u la r  I r o n As c a s t  d u c t i l e  v a r i e t y 7 2 0 ,0 0 0
N o d u l a r  I r o n A n n e a le d  d u c t i l e 2 , 0 0 0 , 0 0 0
C a s t  I r o n C l a s s  40 2 0 ,0 0 0
C a s t  I r o n C l a s s  60 4 0 ,0 0 0
C a s t  I r o n A l l o y e d 9 0 ,0 0 0
M a l l e a b l e  I r o n P e r r i t i c 7 0 0 ,0 0 0
M a l l e a b l e  I r o n P e a r l l t i e 5 3 0 ,0 0 0
C a s t  S t e e l E u t e c t o i d 7 0 0 ,0 0 0
S t e e l C a s t  a n d  a n n e a l e d 2 , 5 0 0 , 0 0 0
I n  a s  c a s t  c o n d i t i o n  n o d u l a r  i r o n  h a s  a  t e n s i l e  s t r e n g t h  
f ro m  8 0 ,0 0 0  p s i  a n d  u p ,  d e p e n d i n g  on  th e  m a n g a n e se  a n d  p h o s ­
p h o r u s  c o n t e n t  o f  t h e  i r o n *  The h i g h e r  t h e s e  e l e m e n t s  a r e ,  
t h e  h i ^ i e r  i s  t h e  s t r e n g t h ,  a n d  v a l u e s  l i k e  1 2 0 ,0 0 0  p s i  a r e  
o f t e n  r e a c h e d  w i t h  h i g h  p h o s  m a t e r i a l .  Such  a  f i g u r e  i s  how­
e v e r  a t  t h e  c o s t  o f  d u c t i l i t y  w h ic h  l a  p e r m a n e n t l y  I m p a i r e d  
b y  h i g h  p h o s  c o n t e n t .  I n  t h e  f e r r i t l c  c o n d i t i o n  t h e  t e n s i l e  
s t r e n g t h  d r o p s  down t o  8 0 ,0 0 0  p s i *
The y i e l d  p o i n t  o f  t h e  m a t e r i a l  i s  f ro m  6 5 ,0 0 0  p s i  t o
8 5 ,0 0 0  p s i  d e p e n d i n g  u p o n  t h e  t e n s i l e  s t r e n g t h ,  a n d  t h e  
d u c t i l i t y .
An i l l u s t r a t i o n  o f  t h e  s t r e s s - s t r & l n  g r a p h  o f  n o d u l a r  
i r o n  h a s  b e e n  a t t a c h e d  ( s e e  F i g .  16)#
D u c t i l i t y
D u c t i l i t y  v a r i e s  I n v e r s e l y  a s  t h e  t e n s i l e  s t r e n g t h .  I n  
a s  c a s t  c o n d i t i o n  i t  may b e  a s  low  a s  1 p e r c e n t  I n  h i g h  t o n s i l  
i r o n s ,  an d  may b e  a s  h i g h  a s  8  p e r c e n t  I n  d u c t i l e  v a r i e t i e s #
An a n n e a l i n g  a t  1600  F c a n  I n c r e a s e  t h e  e l o n g a t i o n  t o  27 p e r ­
c e n t #  I t  i s  v e r y  c ommon t o  o b t a i n  15 p e r c e n t  e l o n g a t i o n  i n  
a n n e a l e d  I r o n s *  R e d u c t i o n  i n  a r e a  I s  r a t h e r  u n p r e d i c t a b l e  
a n d  f i g u r e s  a s  h i g h  a s  30  p e r c e n t  r e d u c t i o n  i n  a r e a  h a v e  b e e n  
r e p o r t e d ,  b y  D o n o h o i / .  A v e ra g e  f i g u r e  f o r  d u c t i l e  i r o n s  may
%/ D o n o h o , C . K*V P r o d u c i n g  n o d u l a r  g r a p h i t e  w i t h  m a g n e s iu m , 
A m e r ic a n  F o u n d ry m a n ,  v o l .  1 5 ,  p .  3 5 ,  F e b r u a r y  1 9 4 9 .
b e  s a i d  t o  b e  a ro u n d  15  p e r c e n t .  D u c t i l i t y  i s  a d v e r s e l y  a f ­
f e c t e d  b y  p h o s p h o r u s  a n d  m an g a n ese*
H a r d n e s s
The h a r d n e s s  o f  n o d u l a r  c a s t  i r o n  v a r i e s  w i d e l y  o v e r  a 
r a n g e  o f  190 t o  520 bhn# A c a s t  I r o n  o f  s i m i l a r  c h e m i s t r y  h a s  
a  l o w e r  h a r d n e s s  t h a n  a  n o d u l i z e d  i r o n *  H a r d n e s s  com es down 
a s  c a r b o n  c o n t e n t  i s  i n c r e a s e d .  E f f e c t  o f  s e c t i o n  t h i c k n e s s ,  
c a r b o n  c o n t e n t ,  a n d  s i l i c o n  c o n t e n t  h a v e  b e e n  i l l u s t r a t e d  i n  
F i g s *  4 ,  5 ,  a n d  17#
E n d u r a n c e  P r o p e r t i e s
The s e v e r e  n o t c h i n g  e f f e c t  o f  f l a k e  g r a p h i t e  g o n e ,  I t  
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Fig# 1 6 . S t r e s s  strain g r a p h  of 
as-cast ?"odular iron.
s i d e r a b l y  I n c r e a s e d .  T h i s  h a s  b e e n  a c t u a l l y  a c h i e v e d  a s  c a n  
be  s e e n  f ro m  th e  f o l l o w i n g  d a t a  f r o m  a  r o t a t i n g  beam  f a t i g u e  
t e s t  o n  d u c t i l e  c a s t  I r o n  (3 * 4 $  C , 2 . 1 $  S i ,  2 . 0 $  N i ,  a n d  0 . 2 $  
M n .)
T a b l e  7
M a t e r i a l Q u a l i f i c a t i o n s
'“T i n E H .....
S t r e n g t h
E n d u ra n c e
L i m i t
G ra y  c a s t  I r o n
M o d u la r  i r o n  
N o d u l a r  i r o n  
N o d u l a r  i r o n
As c a s t  same 
c o m p o s i t i o n  
As c a s t
A n n e a le d  ( 1 7 0 0 )  
A n n e a le d  a n d  
t e m p e r e d
4 1 ,3 0 0  p s i  
9 3 , 6 0 0
7 5 . 0 0 0
6 3 .0 0 0
1 9 ,5 0 0  p s i
4 1 .0 0 0
3 7 .0 0 0
2 9 .0 0 0
M a c h i n a b i l l t y
C o n v i n c i n g  r e s u l t s  on  t h e  m a e h l n a b i l i t y  o f  t h i s  m a t e r i a l  
a r e  s t i l l  l a c k i n g .  H ow ever t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  be  
d ra w n  f ro m  t h e  p u b l i s h e d  d a t a .  A g r a y  c a s t  I r o n  w i t h  f l a k e  
g r a p h i t e  s t r u c t u r e  i s  m ore e a s i l y  m a c h in e d  t h a n  a  n o d u l a r  
i r o n  o f  t h e  sam e c h e m i s t r y .  A n o d u l a r  i r o n  c a n  b e  m ore  e a s i l y  
m a c h in e d  t h a n  a  g i*at c a s t  i r o n  w i t h  t h e  same h a r d n e s s  v a l u e .
I t  i s  much m ore m a c h in a b l e  t h a n  g r a y  i r o n s  o f  t h e  e q u i v a l e n t  
t r a n s v e r s e *  a n d  t e n s i l e  p r o p e r t i e s .  I n  a n n e a l e d  c o n d i t i o n  i t  
t e n d s  t o  c u t  m ore l i k e  s t e e l  f o r m in g  c o n t i n u o u s  c h i p  ( s e e  P i g .
9 . ) .
I n  a s  much a s  t h e  m a c h i n i n g  c h a r a c t e r i s t i c s  c o n c e r n  r a t e s  
o f  m e t a l  r e m o v a l ,  t o o l  l i f e ,  c h i p  f o r m ,  q u a l i t y  o f  c u t  s u r f a c e  
e t c . ,  s u f f i c i e n t  d a t a  a r e  n o t  y e t  a v a i l a b l e .  S u f f i c e  I t  t o  
s a y  t h a t  t h e  n o d u l a r  i r o n  l ia s  p r o v e d  I t s e l f  q u i t©  e a s i l y  m a c h in -
j;. . I A H E  I
Sme arisen of MocKanical hopwttw of Catf Iron 
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TABLE II
{Mechanical Properties of Ducfilo C a s t Iron in As-Cast 
and in Annoalod Conditions.
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TABLE III
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TABLE IV
Range of Properties O btainable  from Ductile C ast 
Iron. As Influenced by Phosphorus and  M anganese 
Contents. Tests Conducted on 0.505 Tensile Bart.
1 Measured on 2-in. m s  section, M IS  in. diem.
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Effect of Normalising and  Tempering an  M echanical 
Properties of Ductile C a s t Iron.
Normallie Temper












AeCaat 00,000 0X000 0 .6 200
1060°F-1 hr O H T - lh r 78.800 100.000 0.6 416
1080Y-1 Or 1000 160.000 127,600 0.6 301
1000*F—1 hr 1100 110.000 127.000 2.0 304
1060*F—1 hr 1206 70.800 Ot.OOO 6.6 241
1 Msnsursd sn 2-in. ss(s  ssction. 0.102 in. dism.
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At coat....................................... . 83,600 41,000 236
Annaal: 1700°F for 16 min; stew 
cool ta 1276°F; hold for 5 hr; 
air cool....................................... 75,000 37,000 181
Annaal and tampar: 1700°F for 6 
hr; slow cool; rahoat at 1300°F 
for 8 hr: air cool.................... 63.000 29,000 148
TABLE VIII



















3.6 2.6 12.1 0.80
0.003
DuaMa 
Cast Iran SeMraMs. 3.6 2.4 U 2.1 0.000
P ig .  IB .  Summary o f  th e  im p o r ta n t  
p h y s ic a l  p r o p e r t ie s  o f  n o d u la r  iro n s s
5 1 .
LIBRARY t a OF MIRES
COLOTIACO
(jO L P tfi. UOPOKAUV
a b l e .
W ear H e s i s t a n c e  
T h i s  p r o p e r t y  h a s  n o t  s a t i s f a c t o r i l y  b e e n  i n v e s t i g a t e d .  
V e n n e r h o l a ^  h a s  t e s t e d  th e  m a t e r i a l  f o r  w e a r  i n  c o n j u n c t i o n
2 /  V e n n e rh o lm ,  B o g a r t  a n d  M elm oths N o d u la r  i r o n ,  F o u n d ry  
T r a d e  J o u r n a l ,  v o l .  1 8 8 ,  n o ,  1 7 4 9 ,  p .  2 5 3 ,  M arch  9 ,  1 9 5 0 .
w i t h  l u b r i c a n t  ( f o r  a p p l i c a t i o n s  I n  a u t o  p a r t s )  an d  h a s  fo u n d  
them  t o  be  v e r y  e x c e l l e n t .  No s p e c t a c u l a r  s u p e r i o r i t y  h a s  
b e e n  c l a i m e d .  Some d a t a  h a v e  a p p e a r e d  I n  t h e  l i t e r a t u r e  w h ic h  
c l a i m  g o o d  w e a r a b i l i t y  u n d e r  d r y  w e a r .  T h e se  c l a i m s  h a v e  n o t  
b e e n  f u l l y  q u a l i f i e d  a s  t o  t h e  t y p e  o f  w e a r ,  c o n d i t i o n s  o f  
t e s t s ,  e t c . ,  a n d  m ore t h o r o u g h  i n v e s t i g a t i o n  i s  n e e d e d  t o  
f u l l y  u n d e r s t a n d  t h i s  I m p o r t a n t  p r o p e r t y  o f  t h e  i r o n .
E l e c t r i c a l  R e s i s t a n c e  
I h e  e l e c t r i c a l  r e s i s t a n c e  o f  t h e  n o d u l a r  c a s t  I r o n  I s  
lo w  a n d  i s  a r o u n d  59 m ic r o  ohms p e r  c u b i c  c e n t i m e t e r .  T h a t  
o f  t h e  f l a k e  g r a p h i t e  w i t h  t h e  same c o m p o s i t i o n  r u n s  up  t o  
8 0  m ic r o  ohm s.
T r a n s v e r s e  S t r e n g t h  
S e v e r a l  w o r k e r s  h a v e  r e p o r t e d  v a l u e s  f r o m  3 t o  5 t im e s  
t h e  v a l u e s  o f  o r d i n a r y  c a s t  i r o n s .  A n o d u l a r  I r o n  b a r  w i t h
1 . 2  i n c h e s  d i a m e t e r  and  18 I n c h e s  s p a n  c a n  t a k e  up  f r o m  
5 ,5 0 0  p o u n d s  t o  1 0 ,0 0 0  p o u n d s  a n d  on  a 12 i n c h  s p a n  c a n  t a k e  
u p  t o  1 3 , 0 0 0 - p o u n d s  g i v i n g  a  f i g u r e  o f  12 t o  22 m i l l i o n  a s  
m o d u lu s  o f  r e g i d i t y .  D e f l e c t i o n s  o f  1*75  i n c h e s  h a v e  b e e n
o b s e r v e d  u n d e r  5 ,2 0 0  p o u n d s  l o a d .
Y t a l d a b i l i t y
B e h a v i o r  o f  n o d u l a r  I r o n  when a r c  w e ld e d  i s  v e r y  i n ­
t e r e s t i n g  a n d  h a s  b e e n  s t u d i e d  a t  t h e  I n t e r n a t i o n a l  K i c k e l  
C o m p a n y ^  r e s e a r c h  l a b o r a t o r i e s *  The i r o n  i s  r e a d i l y  am end­
a b l e  t o  a r c  w e l d in g  u s i n g  t h e  same t e c h n i q u e s  f o l l o w e d  b y  
g r a y  i r o n s *  U s in g  N i r o d  e l e c t r o d e  no  d i f f i c u l t y  h a s  b e e n  
e x p e r i e n c e d  f r o m  c r a c k i n g *  The h a r d e n a b i l i t y  a l o n g  t h e  
w o ld  m a r g in  i s  h o w e v e r  g r e a t e r .
H e a t  T r e a t m e n t s  
Q u i t e  e x h a u s t i v e  e x p e r i m e n t s  h a v e  b e e n  made b y  V e n n e r -  
h o  l r a ^ ,  DonohoS^ ,  R a h d a r ^ t  an d  G a g n e h in ^ ' a n d  o t h e r s .  T h e i r
u  V e n n e rh o lm  a n d  o t h e r s :  M o d u la r  c a s t  i r o n ,  F o u n d ry  T ra d e  
J o u r n a l ,  v o l .  B8, n o .  1 7 4 9 ,  p .  2 5 3 ,  M arch  9 ,  1950*
2 /  D onoho , C . IC.t A m e r ic a n  F o u n d ry m a n ,  v o l .  1 5 ,  p .  3 3 ,  F e b r u a r y  
1 9 4 9 .
3 f  R e a d e r ,  J .  E * :  I n t r o d u c t i o n  t o  t h e  a n n e a l i n g  o f  n o d u l a r  
i r o n ,  A m e r ic a n  F o tm d ry m e n ! s  S o c i e t y  -  A n n u a l  M e e t in g  a t  
C l e v e l a n d ,  O h io ,  May 1 0 ,  1 9 5 0 .
* /  G a g n e b in ,  M i l l s  an d  P i l l i n g :  D u c t i l e  c a s t  i r o n  a  new 
e n g i n e e r i n g  m a t e r i a l ,  I r o n  A ge, F e b r u a r y  1 7 ,  1 9 4 9 .
r e s u l t s  h a v e  b e e n  p r e s e n t e d  h e r e  i n  t a b u l a r  fo rm s  ( T a b l e s  8 ,
9 )  and t h e y  a g r e e  o n  m o s t  o f  th© i m p o r t a n t  a s p e c t s .
R e h d e r  h a s  su m m a r iz e d  t h e  c o n c l u s i o n s  v e r y  a d e q u a t e l y  a n d  
h i s  s t a t e m e n t s  a r e  p r o d u c e d  h e r e  v e r b a t i m s
“ H ie p r o c e s s  a n d  k i n e t i c s  o f  t h e  d e c o m p o s i t i o n  o f  
p r i m a r y  a n d  p e a r i l t i c  c e m e n t i t©  d u r i n g  t h e  a n n e a l i n g  o f  
n o d u l a r  i r o n  a r e  s i m i l a r  t o ,  o r  t h e  same a s ,  t h o s e  f o r
5 3 .
j I  A H i . i  .5 — E f f f . c t  o f  A . v n k a f f n c ;  T i m k  a \ d  A m o f . v i  o f  
j P p a r i . f i 1 o x  M k c m a m c a f  P r o i m . r t i i  : s  o f  , \ o d i  f a r
j  I r o n  A n m : a i , i ; d  I  s o t i  i  i . r m a i . i . v
l i m e  at I e n s i l e Y ie ld F.longa- R e d .  o f B r in e l! A m o u n t
] ‘MO F, Si l e n g t h . S tr e n g th , t io n . A rea , H a r d n e s s  P ea r l i te ,
H i psi psi P er  C ent  Per  c e n t  N u m b e r Per cei 11
1 I 1 1.000 75 ,800 0.5 1.0 229 07.0
113.100 77 ,100 5.5 3.5 229
-1 9 0 ,700 0 8 ,200 8.0 0.3 197 1 1.8
100,100 73,100 7.5 5.1 197
]."> 77.700 5 1,000 20.5 21 .0 197 10.0
78 ,300 51 ,500 22.0 21.0 197
25 7 1,500 53 ,000 _ 179 1 1.0
7 1,900 51 ,000 20 .0 20.2 179
3N 71,000 19,500 23.0 21.0 179 /. /
71 ,700 51 ,500 23 .0 20.8 179
Slow 0 8 ,900 19,800 27 .0 30.3 107 0
C o o le d 09 ,100 19,500 28.0 30.9 107
,-f
T a b le  V I .— Influence of Section Size and Thermal Treatment on Nodular Irons. *’ J r .ipl
Thermal
trea tm en t.
1 H igh-strength iron. High-duetility iron. 1 J
Yield 
































in area, [ 
per cent. B .H .N .
E la stic ity ,; 
x  106 l b . |  
per sq. in. |
Impact,
ft.-lb.
ls east 1 30.1 38.9 1 .5  | nil 269 23.0 39 23.6 33.3 11.0 8.8 187 22.1 1 '50 !
2 29.9 36.1 1 .2  | 0 .5 262 23.0 23.3 32.1 7 .5 7.5 187 22.3
4 28.1 31.6 1 .2 1 .0 241 23.6 17.8 22.7 2 .0 1.8 175 19.7
6 26.7 29.1 1 .2 nil 229 22.7 16.9 20.1 3 .0 1.2 148 18.8
8 28.3 27 .4 1.2 0 .5 229 23.5 14.0 18.3 1 .0 141 17.4 !
Lnnaal 615 deg. C. 1 27.4 37.1 3 .0 2 .5 229 22.8 186 2 1 .8 29.5 17.2 15.0 163 ->-j •>
2 hr. air cool o 25.3 33.4 3 .2 2 .2 197 21.5 21.2 28.3 12.5 11.0 163 21.9 !
4 24.6 30 .9 2 .0 1 .5 197 23.6 16.4 21.5 4.5 3.0 148 20.1
6 25.7 29 .4 2 .0 1 .0 217 22.2 16.6 19.1 3.0 1 .5 144 18.8
8 24.3 27 .9 1.5 1 .0 212 22.8 14.8 17.8 2 .0 1.2 138 18.3
Anneal 955 deg. 0 ., 1 22 >9 35.1 7 .0 4 .5 187 22.4 i 20 .3 28.3, 19.0 16.0 148 - F I
2 hr. slow cool 2 22.7 32.0 8 .0 5 .5 179 21.7 19.1 20.9 14.5 13.8 143 20.7
4 22.4 31.1 3 .5 2 .5 183 23.1 15.2 19.7 4 .0 • 3 .0 134 17.8
6 22.6 29 .6 3 .0 2 .0 183 22.4 15.4 18.4 3 .0 1.8 131 17.0
8 22 .8 29 .9 4 .0 2 .8 183 22.3 15.2 16.3 2 .0 1.0 128 17.0
535 deg. C. 1 h r., oil 0 . 42.5 46 .5 3 .0 3 .0 269 21.9 41.0 47.0 3.5 3.2 269 21.4
quench, draw. 2 hr. 2 42.1 44 .6 3 .2 2 .5 269 22.5 39.8 45.5 3 .0 3.0 269 21.4
to  Brinell ab shown 4 39.8 40.0 1 .8 1 .5 262 21.9 36.6 87.2 0 .5 0.5 262 19.0
6 39.4 40 .0 1 .5 1 .2 1 255 23.1 28.1 29.8 1.0 — 214 1 / 3
8 38.2 39.5 1.8 1 .0 255 22.8 i! 27.7 28.1 0 .5 — 229 1(3.7 i
T a b le s  8  h 9 .  Show th e  e f f e c t  o f  a n n e a l ­
in g  -on th e  p h y s ic a l  p r o p e r t ie s  o f  n o d u la r  
i r o n .
til© a n n e a l i n g  o f  n o r m a l  w h i t e  i r o n s  a n d  m a l l e a b l e  i r o n s ,  
w i t h  t h e  m e t a l l o g r a p h i c  d i f f e r e n c e  t h a t  t h e  g r a p h i t e  
p r e c i p i t a t e s  i n  s p h e r u l i t i c  r a t h e r  t h a n  i n  f l a k e  g r a p h i t e  
f o r m .
The d i f f e r e n c e s  a p p a r e n t  i n  t h e  t im e s  n e c e s s a r y  f o r  
a n n e a l i n g  n o d u l a r  i r o n  a n d  m a l l e a b l e  i r o n  a r e  c o n s i d e r e d  
e x p l a i n a b l e  o n  t h e  b a s i s  o f  d i f f e r e n c e s  o f  c h e m ic a l  com­
p o s i t i o n  a l t h o u g h  q u a n t i t a t i v e  c o r r e l a t i o n s  a r e  n o t  a t  
p r e s e n t  p o s s i b l e .
The l a s t  am ount o f  t r a c e s  o f  c e m e n t i t e  o r  p e a r l i t e  
i n  n o d u l a r  i r o n s  c o n t a i n i n g  m ag n e s iu m  a r e  p e r s i s t e n t  an d  
r e l a t i v e l y  s lo w  t o  d i s a p p e a r *
An u n i d e n t i f i e d  n o n m e t a l l l c  I n c l u s i o n  i s  p r e s e n t  i n  
c o n s i d e r a b l e  q u a n t i t y  i n  m ag n es iu m  t r e a t e d  n o d u l a r  i r o n s  
v&iich i s  a p p a r e n t l y  a  p o w e r f u l  c a r b i d o  s t a b i l i z e r .
As i s  t h e  c a s e  f o r  m a l l e a b l e  and  g r a y  c a s t  i r o n s ,  
m inim um  a n n e a l i n g  t im e  i s  o b t a i n e d  b y  e l i m i n a t i n g  p e a r l i t e  
b y  s lo w  c o o l i n g  t h r o u g h  t h e  c r i t i c a l  t e m p e r a t u r e  r a n g e  
r a t h e r  t h a n  i s o t h e r m a l  s u b c r i t i c a l  a n n e a l i n g *
The t o t a l  a n n e a l i n g  t im e  n e c e s s a r y  f o r  t y p i c a l  n o d u ­
l a r  4  r o n  i s  c o n s i d e r a b l e  s h o r t e r  t h a n  t h a t  n e c e s s a r y  f o r  
m a l l e a b l e  i r o n .
Trie r e t a r d i n g  e f f e c t  o f  m an g a n ese  on  r a t e s  g r a p h l t -  
i z & t l o n  i s  m ore  o b v i o u s  w i t h  n o d u l a r  i r o n  b e c a u s e  o f  t h e  
v e r y  lo w  s u l p h u r  c o n t e n t s *  how m a n g a n e se  c o n t e n t s  a r e  
e s s e n t i a l  f o r  minimum a n n e a l i n g  t im e  o r  f o r  f e r r i t i c
s t r u c t u r e s  a s  c a s t #
The p r e s e n c e  o f  some p e a r l i t e  i n  t h e  m a t r i x  d o e s  
n o t  s e r i o u s l y  d e c r e a s e  t h e  e l o n g a t i o n  o b t a i n e d  i n  t e n ­
s i l e  t e s t i n g  o f  n o d u l a r  i r o n ,  a s  i t  d o e s  i n  c a s e  o f  
m a l l e a b l e  i r o n .  Maximum e l o n g a t i o n  a n d  op tim u m  p r o p e r ­
t i e s  a r e ,  o f  c o u r s e ,  o b t a i n e d  w i t h  a  c o m p l e t e l y  m a t r i x .
Ho d i f f e r e n c e s  i n  b e h a v i o r  o r  k i n e t i c s  d u r i n g  a n ­
n e a l i n g  w ere  d e t e c t a b l e  b e tw e e n  h e a t s  t r e a t e d  w i t h  i r o n -  
m & g n e s i u m - s i l i c o n  a l l o y  and  w i t h  c o p p e r - m a g n e 3 lu m ~ a l l o y ,  
e x c e p t  o ne  o f  d e g r e e  c o n s i d e r e d  e x p l a i n a b l e  on  t h e  b a s i s  
o f  d i f f e r e n c e s  i n  c o m p o s it io n -* «y
y  R o h d e r ,  J .  E * : An i n t r o d u c t i o n  t o  t h e  a n n e a l i n g  o f  n o d u l a r  
i r o n ,  1950 A m e r ic a n  P o u n d ry m e n * s  S o c i e t y  A n n u a l  M e e t i n g ,  
C l e v e l a n d ,  O h io ,  May 1 0 ,  1 9 5 0 .
F i g s .  1 9 ,  2 0 ,  a n d  2 1  show R e h d e r ' s  r e s u l t s .
G a g n e b ln  a n d  o t h e r s ^ /  o b t a i n e d  much im p ro v e d  p r o p e r t i e s
g ^ G a g n e b i n  a n d  0 t h e r s s  D u c t i l e  c a s t  i r o n ,  I r o n  A ge, 
F e b r u a r y  1 7 ,  1 9 4 9 ,
v o l .  1 6 5 /
b y  h e a t  t r e a t m e n t s .  T h ey  n o r m a l i s e d  t h e  i r o n  a t  1650  F a n d  
t h e n  t e m p e r e d  a t  v a r i o u s  t e m p e r a t u r e s  f o r  f i v e  h o u r s .  From  
a n  a s  c a s t  s t r e n g t h  o f  9 0 ,0 0 0  p s i  t h e y  o b t a i n e d  1G 6,C 00 p s i  
t e n s i l e  b y  t e m p e r i n g  a t  9 0 0  F ,  a n d  a t  1100 F t h e y  d e v e l o p e d
1 2 7 ,0 0 0  p s i  t e n s i l e ,  1 1 6 ,0 0 0  y i e l d  p o i n t  2 p e r c e n t  e l o n g a ­
t i o n  w i t h  a  B r i n e 11 v a l u e  o f  3 0 4 .
G row th  o f  H o d u la r  C a s t  I r o n  
G ro w th  i n  c a s t  i r o n s  s u b j e c t e d  to  r e p e a t e d  h e a t i n g  a n d  
c o o l i n g  c y c l e s ,  a s  a  r e s u l t  o f  i n t e r n a l  o x i d a t i o n  an d  o f
120
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T e m p e r a t u r e  -  De g r e e s  F
Fig. 4—Effect of temperature on time for decomposi­
tion of primary cementite in y±-in. plate.
F i g 3 . 19/ 20 ,  2 1 .  E f f e c t  o f  t im e  and
t e m p e r a t u r e -  on t h e  s t r u c t u r a l  c o n s t i t u e n t s  
o f  n o d u l a r  I r o n s .
-  t fe h d er .
p a r t i a l l y  i r r e v e r s i b l e  e x p a n s i o n s  i s  w e l l  known* The p r e s e n c e  
o f  f l a k y  g r a p h i t e  i n  t h e  o r d i n a r y  g r a y  c a s t  i r o n  f a c i l i t a t e s  
t h e  p e n e t r a t i o n  o f  o x y g e n *  t h e r e b y  i n c r e a s i n g  t h e  i n t e r n a l  
o x i d a t i o n .  I t  i s  a l s o  p r o b a b l e  t h a t  t h e  f l a k ^ y  c a v i t i e s  may 
a c t  a s  s t r e s s  r e i s e r s  a n d  c a u s e  i r r e v e r s i b l e  e x p a n s i o n s *
G r a p h i t e  I n  t h e  n o d u l a r  f o r m  s h o u l d ,  d u e  t o  i t s  s h a p e ,  
r e s i s t  s u c h  t e n d e n c i e s ,  a n d  n o d u l a r  i r o n  s h o t i l d ,  on  t h e  w h o le ,  
be  a b l e  t o  w i t h s t a n d  t h e  e f f e c t  o f  a l t e r n a t e  h e a t i n g  a n d  c o o l ­
in g *  T su n  K o ^  h a s  c o n d u c t e d  t e s t s  o n  h i g h  p h o s  g r a y  c a s t  i r o n
2 /  T su n  K oi G row th  o f  N o d u l a r  c a s t  i r o n ,  F o u n d ry  T ra d e  J o u r n a l ,  
v o l .  8 8 ,  no* 1 7 5 5 ,  p .  4 3 3 ,  A p r i l  2 0 ,  1950*
a n d  n o d u l a r  i r o n  t o  co m p are  t h e  g r o w th .  He h e a t e d  5 i n c h  l o n g  
a n d  1 / 2  i n c h  d i a m e t e r  b a r s  i n  a  f u r n a c e  t o  9 0 0  C f o r  30 m in ­
u t e s  a n d  t h e n  f u r n a c e  c o o l e d .  A f t e r  e a c h  c y c l e  t h e  b a r s  w ere  
m e a s u r e d  and  r e h e a t e d *
I n  s p i t e  o f  t h e  h i g h  p h o s  c o n t e n t ,  t h e  o r d i n a r y  i r o n  
sho w ed  12 p e r c e n t  e x p a n s i o n  a n d  was v e r y  b r i t t l e  a f t e r  27 '
c y c l e s *  The m e t a l l o g r a p h i e  e x a m i n a t i o n  showed e x t e n s i v e  o x ­
i d a t i o n *  The n o d u l a r  I r o n  a f t e r  r e p e a t e d  h e a t i n g  h a d  g row n 
o n l y  3 p e r  c e n t *  F u r t h e r m o r e  t h e r e  was no m ark e d  c h a n g e  o f  
t h e  p e a r l i t i c  m a t l ^ , ' ^ x c e p t  a t  t h e  r i m  w h ere  some d e c a r b u r i -  
s a t i o n  h a d  o c c u r r e d .
He a l s o  c o n t i n u o u s l y  h e a t e d  t h e  s a m p le s  a t  500 C f o r  550 
h o u r s  a n d  o b s e r v e d  0 . 6  p e r c e n t  g r o w th  i n  o r d i n a r y  g r a y  and
0 . 4  p e r c e n t  i n  n o d u l a r  c a s t  I r o n s .  A cco m p a n y in g  F i g .  22 
show s t h e  r e s u l t s  o f  T su n  Kb.
fhriod o f Heating a t 55077. Hours. Curves 3 .
M o d u la r .
(AiNodu^
Number o f Cycles (M  h r a t <?OgX) Curves A
F ig . 1.— R e s u l t s  o f  R e p e a t e d  H e a t in g ^ a n d  C o o l ­
in g  T e s t s  a t  550 a n d  900  d e g . 'C .  f o r  N o b u U r  
a n d  O r d in a r y  C a s t  I r o n s .
?•
F i g .  2 2  ̂ C o m p a ris o n  o f  g ro w th  I n  
g ra y  and n o d u la r  c a s t  i r o n s .
-  Tsun Ko
M e c h a n i c a l  W o rk in g  o f  D u c t i l e  C a s t  I r o n s
T h e re  i s  some e v i d e n c e  t o  i n d i c a t e  t h a t  t h e  n o d u l a r
I r o n s  may b e  h o t  w o rk e d  w i t h  g o o d  r e s u l t s *  (See  F i g .  23 )
A t e m p e r a t u r e  i n  t h e  n e ig h b o r h o o d  o f  9 5 5  C h a s  b e e n  p r o p o s e d
1 /
f o r  t h i s  p u r p o s e .  V e n n e r h o l d  o f  F o r d  M o to r s  i s  h i g h l y  a p -
3 /  V’e n n e r h o lm  & o t h e r s :  M o d u la r  c a s t  i r o n s ,  F o u n d ry  T r a d e  
J o u r n a l ,  v o l .  8 8 ,  n o .  1 7 4 9 ,  p .  2 5 5 ,  M arch  9 ,  1 9 5 0 .
p r e c i a t i v e  o f  t h e  p o s s i b i l i t i e s  t h a t  l i e  i n  t h e  h o t  w o rk e d  
n o d u l a r  c a s t  i r o n s .
E x c e l l e n t  p r o g r e s s  h a s  b e e n  r e p o r t e d  b y  M r. R e h d e r  w o r k in g  
i n  t h e  l a b o r a t o r i e s  o f  t h e  D e p a r tm e n t  o f  M ines  a n d  R e s o u r c e s  
i n  O t t a w a ,  C a n a d a .  R e h d e r  h a s  b e e n  s u c c e s s f u l  I n  h o t  r o l l i n g  
o f  3 I n c h c a s t  s l a b s  I n  tw o h e a t i n g s  t o  p l a t e s  7 / l 6  I n c h  i n  
t h i c k n e s s .  The s t r u c t u r e  o b t a i n e d  a f t e r  t h i s  t r e a t m e n t  r e ­
s e m b le s  t h a t  o f  w r o u g h t  i r o n .  The m a t r i x  o f  t h e  n o d u l a r  
I r o n  h o w e v e r  i s  p e a r l i t l c  a s  a g a i n s t  t h e  f e r r i t i c  m a t r i x  o f  
t h e  w r o u g h t  I r o n .
R e h d e r  d e v e l o p e d  b y  t h i s  t r e a t m e n t  high®** p h y s i c a l  
p r o p e r t i e s  I n  t h e  m e t a l .  -The a b o v e  t r e a t m e n t  p r o d u c e d  a  t e n ­
s i l e  s t r e n g t h  o f  62 t o n s  j ) e r  s q u a r e  i n c h  w i t h  a  4 p e r c e n t  
e l o n g a t i o n .  The w ro u g h t  i r o n  on th e  o t h e r  h a n d  h a s  a  t e n s i l e  
s t r e n g t h  o f  18 t o  20  t o n s  i n  t r a n s v e r s e  d i r e c t i o n  a rd  22 t o  26  
t o n s  i n  t h e  l o n g i t u d i n a l  d i r e o t I o n ,  a n d  h a s  an  a v e r a g e  e l o n ­
g a t i o n  o f  2 5  t o  40  p e r c e n t *
T h e r e  i s  a  v a s t  f i e l d  f o r  I n t e r e s t i n g  r e s e a r c h  i n  t h i s  
d i r e c t i o n  a s  t h e  d a t a  a v a i l a b l e  o n  t h i s  s u b j e c t  i s  m e a g e r
50 .
F i g .  2 3 .  M e c h a n ic a l w o rk in g  o f  
n o d u la r  c a s t  i r o n s .
i n d e e d .  I t  w i l l  n o t  b e ,  h o w e v e r ,  b e y o n d  t h e  r e a l m  o f  p o s s i ­
b i l i t y  t o  p r e d i c t  t h a t  i n  t h e  n e a r  f u t u r e  h o t  m e t a l  f r o m  
b l a s t  f u r n a c e  may b e  d i r e c t l y  t r e a t e d ,  an d  th e  i n g o t s  r o l l e d  
d i r e c t l y  i n t o  b a r s ,  a n g l e s ,  p l a t e s  a n d  o t h e r  s e c t i o n s  u s e d  
i n  c o n c r e t e  r e - i n f o r c i n g .  R o l l e d  n o d u l a r  i r o n  h a s  a l s o  i n ­
t e r e s t i n g  p o s s i b i l i t i e s  a s  a  r e p l a c e m e n t  f o r  w ro u g h t  i r o n s  
w h ic h  a r e  w i d e l y  u s e d  i n  t h e  r a i l r o a d ,  s h i p  b u i l d i n g ,  an d  
o i l  I n d u s t r i e s  a n d  p u b l i c  u t i l i t i e s  p u r p o s e s *
6 2 *
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EXPERIMENTAL WORK
Introductory
The experimental work conducted at the two Denver foundries and 
at the laboratories of the Colorado Sohool of Mines, was limited by 
the facilities available. Work of such nature requires a varied as­
sortment of laboratory equipment allowing chemical and thermal con­
trol of iron to a degree unobtainable in a production foundry. How­
ever, best use was made of the resources available, and it has been 
possible to obtain, confirm, or contradict information on many points. 
All the heats were cast at either of the two foundries, with metal 
available at the time of experiment. Except for the first two heats, 
all treated heats had their untreated counterpart oast of the same 
cupola tap Whenever possible. Three arbitration bars of treated and 
untreated irons from each heat were cast in sand moulds. In later 
heats chill test bars and test car-wheels were also cast.' When suf­
ficiently cool, the castings were shaken out of their moulds and 
brought to the School laboratories for chemical analysis, mechanical 
testing, and microscopic examination.
It was not possible to obtain information on the chemistry of 
the iron at the time of treatment. In some of the heats there was a
considerable variation in the sulphur and silicon contents, which was 
not helpful in the final analysis of the experimental results. Varia­
tion in carbon was made use of in correlation of physical properties 
with carbon content. Chilled test bars and wheels could not always be 
cast because of the lack of facilities at one of the foundries.
i
Hodulltlng Alloy
The magnesium alloy used in all the experiments was a ferro- 
silicon containing 15 percent magnesium and 50 percent silicon. Such 
an alloy has been later reported to have been successfully used by 
Offenhauer of the Onion Carbide and Carbon Co. The 0. S. Navy has used 
an 8 percent magnesium alloy of the same base. Use of such an alloy 
does not involve use of costly elements such as nickel and copper, 
which in time of an emergency are urgently needed. Another big advan­
tage of such an alloy is that it does not conduce a building up of cop­
per and nickel in the cupola metal through foundry returns of treated 
metal•
As can be seen from the experiments, a high silicon pick-up re­
sulted in many of the experiments. This silicon pick-up hampered the 
experiments on chill formation and gave an entirely ferritic matrix 
from the chilled face to the sand cast face. Only with a lower silicon 
content could a chill be formed. The accompanying silicon content of 
the alloy effectively reduces the tendency in massive castings to re­
tain hard earbidic structures. Some heats cast without any post 




A 100-pound shank ladle was preheated to a red heat, and a cal­
culated charge of magnesium alloy was placed at the bottom of the 
ladle. Cupola metal from a reservoir ladle was poured carefully onto 
the alloy, thus ensuring a thorough mixing, inoculation or any other 
additions were then made and the metal poured into the moulds with the 
least lapse of time.
Two different pouring methods were adopted In one of the foun­
dries the mould was made out of oore sand, and metal was poured into
one arm of the U-shaped mould —  the other being the arbitration bar
itself. In the other foundry, top-poured moulds were used. Three bars 
were cast from the same pouring basin, which in this case was suffi­
cient to hold 25 pounds of molten metal. As a result, the bars thus 
poured were better' fed than the other types.
In all the cases bars were shaken out of the mould when they be­
came dull cold. The wheels were shaken out earlier in order to pre­
serve the chill from breaking down. Chill test bars were removed still 
earlier.
The rest of the experimental work on the castings was done at the 
School laboratories. It comprised the following stepss
1. Test bars were thoroughly cleaned of all the sand 
on a wire mop. They were then tested under a transverse
load with 18-inch spanned supports.
2. The fractures thus obtained were preserved and 
photographed•
3. Specimens, \  inch long, for microscopic examina­
tion were cut off on a hack saw.
A. The broken bare were then machined for tensile test­
ing. A gauge length of 2 inches and a diameter of 0.8 inch 
was chosen.
5* A tensile test was conducted on each of the samples 
in the following ways
Three readings were taken on the mean diameter of the 
specimen. The gauge length was then punched and the extensometer 
was mounted on the specimen. The specimen was then mounted on 
the machine and tension applied at the rate of 5000 psl per min­
ute . The extensometer was removed from the specimen before 
breaking of the sample. In oases where specimens were doubtful, 
it was not applied. Reduction in the diameter was then measured 
by microcelipers, and also the final length of the punched dis­
tance.
6. A sample from each heat was polished on power-driven
belts, emery paper sheets, and finally on velvet wheels. The
final polishing was done very carefully, and rouge was selected
because it gave better results more quickly. The sample was
*lightly etched and repolished. This operation was repeated 
several times until graphite structures became distinct. In 
some cases, relief polishing was found to be more advantageous.
7. Photographic records of unetched structures on the edge 
and core of every sample were made. The sample was then lightly 
etched with nital, and the etched structure was also photographed. 
Four pictures of each sample were thus taken.
8. Photographs of fractures of each test bar, of the 
chilled test bar, and of the wheel were taken.
9. Each heat was chemically analysed. Saw filings
were used for this purpose in the beginning, but later,
borings were preferred and used.
Total carbon was determined by the gravitlmetric 
combustion method. Graphitic carbon was determined by 
slowly dissolving out the matrix in dilute nitric acid and 
burning the carbon residue in the same apparatus.
Silicon, sulphur, and in some cases phosphorus and
manganese were analysed for each heat.
Attempts were made to obtain standard magnesium- 
containing cast irons for spectrogr&phic analysis for mag­
nesium in treated cast irons. Such samples were not avail­
able at the time. Determination of such minute amounts of 
magnesium is very complicated and was not resorted to be­
cause of the time factor.
In the following pages, each of the experiments is separately 
described. Heat data, physical properties, microstructures, chemical 
composition, heat treatment when made, and comments, comprise such a 
description.
At the end Is a summary of the results obtained which surveys 
the work done and the conclusions drawn.
EXPERIMENT NO. 1
BaaA .M t&
A half pound of magnesium alloy was added to 
50 lb. of iron. No other addition was made.
The chemical analysis of the treated iron was 
as followsi
Percent
Total carbon................ 3 * 3A
Graphitic carbon......... ....  2.51
Silicon  .............   1.82
Sulphur,..................     0,068
•
Brinell hardness...............   160
Transverse load, lb.............. 1,562
Tensile strength, psi............ 29,800
Elongation, percent. ......   Negligible
Reduction in area, percent....... Negligible
Mlcrostructure
Coarse flake graphite is found in both the 
samples.
The matrix is pearlitic, and steadite can be 
clearly seen;
(Please see the attached photographs on the 
next page. There is no difference in the treated 




Figures 24, 25, 26, 27. Magnified xlOO.
EXPERIMENT HO. 2
Heat Data
One-fourth pound of alloy was added to 50 pounds 
of metal. It was thought that the addition was excess­
ive in the previous experiment.
Attempts were made to raise the oarbon equivalent 
of the iron by the introduction of carbon and exothermic 
ferrosllicon (45 percent Si).
The following additions, after the alloy, were 
therefore made:
Exothermic ferroailicon......   1.25 lb
Powder carbon  ...... .... 0.50 lb





Total carbon. ..... . 3.42
Graphitic carbon........ 2.53




Brinell hardness   168
Transverse load, lb..,.. 1,390












Photographs in etched and unetched condition show 
little difference in the graphite and matrix structures.
(Note the pronounced rosette structure on the edge 









Further attempts to increase the carbon and silicon 
content were made by the addition of more carbon and exo­
thermic silicon.
In the order of sequence, the additions were as fol­
lows?
Magnesium alloy............... J lb
Carbon............ . 1 lb
Exothermic silicon.......... 2 lb




Graphitic carbon.......   2.60
Silicon....... :........... 2.45







Brinell hardness   178 191
Transverse load, lb  1,662 1,524
Tensile strength, psi..  211,050 24,550
Elongation, percent.,   0 0
Reduction in area, percent... 0 0
Microstructures
Flake graphite persists in both the samples. There 
is no change in the matrix, which is pearlltic. Steadite 
can be seen dispersed. Manganese sulphide inclusions 
were also seen in both samples.








Attempts have been made in this, and the follow­
ing two experiments, to increase magnesium alloy addi­
tions gradually.
The following were added in the order listed to 
5d lb of metals
Magnesium alloy............ 1 lb
Carbon powder.............. J lb
Exothermic silicon.   1 lb
The chemical analysis was as followss
Treated Untreated
(Percent) (percent)
Total carbon. ..... 3.44 3*42
Graphitic carbon ..... . 2.60
Silicon...................  2.98 2.71
Sulphur.  .....  0.055 0.088
Treated
Brinell hardness......   148
Transverse load, lb...... .. 1,445
Tensile strength, psi......  20,370
Elongation, percent........  0
Reduction in area, percent... 0
Micro stru otureg
There is no change in the mierostruetures. Flake 
graphite continues to persist. Some random ferrite can 
be seen in the treated sample due probably to the in­
creased silicon.
(Please see the attached micro-structures,













Magnesium alloy addition is further increased,
* The following were added to 50 lb of metal in the or­
der listed belows
It can be seen that the introduction of carbon was 
of little use. Most of it was apparently blown off. In­
stead of a pick-up in carbon, there was a drop, probably 
due to additions of alloys.
The rosette structure on the edge of the treated 
sample continues to exist. There is no evidence of any 
manganese sulphide inclusions in the sample.
(Please see attached photographs. No tendency 












































Figures 40, 41, 42, 43, 44, and 45. Magnified xlOO. (See text 




In  t h i s  experim ent, more magnesium a l lo y  was added, 
To 50 lb  o f  m e ta l, th e  fo llow ing  were added in  suc­
cess io n !
Magnesium a llo y *  ............... 2 .0  lb
Exothermic f e r r o s i l i c o n . . . . ........... 0 .5  lb
Carbon was n o t added because i t  was I n e f f i c i e n t .  
The chem ical a n a ly s is  was as fo llow s!
T reated  U ntreated
(P e rcen t) (P e rcen t)
T o ta l c a r b o n . . . . . . . . . . . .   3-52 3 .55
G ra p h itic  carbon  ............. .... 2 .88  2 .72
S i l i c o n . . . .......................................  2 .4  2 .3
S u lp h u r . .   ............................  0 .03 0.089
M echanical P ro p e r tie s
Treated  U ntreated
B r in e l l  h a rd n e s s .     144 162
T ransverse  lo ad , l b ..............   1 ,600 2,075
T en s ile  s tre n g th , p s i ...............  25,650 31,200
E longa tion , p e rc e n t    0 0
Reduction in  a re a , p e r c e n t . . .  0 0
M lc ro s tru c tu res
Although th e re  i s  no change in  th e  f la k e  g ra p h ite  
fo rm ation , one v e ry  im portan t change can be seen . In  
th e  t r e a te d  sam ple, most o f  th e  g ra p h ite  I s  surrounded 
by th in  envelopes o f  f e r r i t e  r e s u l t in g  from secondary 
decom position o f cem en tite . This s tru c tu re  i s  ab sen t 
in  th e  u n tre a te d  sam ple.
(P lease  see F ig s . 46, 47, 48, end 4 9 ).
Comments
The magnesium a d d itio n  has approxim ated th e  cor­
r e c t  v a lu e , and, a lthough  no n o d u lisa tio n  has o ccu rred , 
delayed  decom position o f ca rb id es  due to  magnesium I s  




Figures 46 * 47, 4&> and 49. M agnified  xlOO. (See te x t o f 
Experim ent 6 ) .
EXPERIMENT NO. 7
Heat Data
A low sulphur iron used for steel making was tried 
in this experiment. To 60 lb of iron was added the 
following:
Magnesium alley*.......... 2.lb
Ferrosilicon. •. *.......*. • J lb
The chemical analysis was found to be as follows:
Treated Untreated
(Percent) (Percent)
Total carbon.. .  2.8 2.9
Graphitic carbon   2.4 2.0
Silicon............___    2.55 2.2
Sulphur  .......   0* 0.04.




Brinell hardness.......... . 246 265
Transverse load, lb.........• 3,780 2,530
Tensile strength, psi...... 58,900* 51,500
Elongation, percent.... . 2 0
Reduction in area, percent... 0 0
*The bars were having considerable cavities which re­
duced the effective area.
Microstructure9
(Please see the attached photographs. The struc­
ture of the treated iron is entirely nodular. Ihe ma­
trix is pearlito-ferritic. There is not a single flake 
of graphite in the iron).
Compare the structure with that of the untreated 
sample.
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Figures 50, 51, 52, 53, 54, and 55. Magnified xlOO. 
(See text of Experiment No. 7).
EXPERIMENT NO, $
Heat Data
Experiment No. 7 was rechecked by repeating the 
experiment. The additions are the same as in previous 
heat.
This heat, unfortunately, was poured at a low temp­
erature , and consequently the metal was solidified before 




















Microstructures were similar to those in the pre­
vious experiment. The graphite is 100 percent nodular, 




In this experiment, 100 lb of metal were treated 
with 3 lb of magnesium alloy, followed by inoculation 
with 0.8 lb of ferrosilicon. Care was taken to pre­
heat the ladle thoroughly and also to heat the magne­
sium alloy to some extent in order to avoid chilling.




Total carbon. ....   2.85
Graphitic carbon ...... ., '2.35
Silicon ..............    2.55
Sulphur...................   0.02
M echanical P ro p e rtie s
Treated
Brinell hardness  .....   235
Transverse load, lb.......... 6,250
Tensile strength, pel........ 78,900
Elongation, percent........  3














This iron is more ferritic than the last one. 
Although the magnesium addition is reduced to 3 percent 
from 4 percent from the previous heat, the graphite is 
all nodular, (Figs. 56 and 57).
Figures 56 and 57. Magnified xlOO. 




Same as Experiment No. 9.
Two wheels were cast out of the seme heat 
No. 9# Their rims had been chilled with iron 
chills placed in the moulds.
Both th e  t r e a te d  and u n tre a te d  iro n s  showed l i t ­
t l e  response to  c h i l l .
The wheels were broken by a sledge hammer (See 
the attached fracture, Fig. 58). Pieces were cut out 
of the wheels, polished, and tested for hardness. The 
following table shows the hardnesses of both*
Treated Ontreated
maim i — ■■■ —■"■■■■ I i ip—  ■■■■ n m »■■■»
Chilled face...........  220 255
Web................   240 245
Rub............ .... ... 245 245
Flange   245 250
The chilled face is, in fact, softer than the 
interior.
This may be due to the high silicon content of 
the iron.
Sand Cast Face Chill Cast Face
24
Etched
Figures 58 and 59. (Magnified xlOO. See text 




Same as in Experiment No. 9.
One test bar each of treated and untreated Iron 
was annealed.
Heat Treatment
The test bars were bundled together and placed 
in a furnace at 1600° F for one hour. After this time, 
they were taken out and cooled in still air.
Mechanical Properties
Treated Untreated
Brinell hardness..............  198 232
Transverse load, lb  .... 5,540* 2,580
Tensile strength, pai........  61,700** 45,600
ELongation, percent........... 7 J
Reduction in area, percent.... 3 0
*The deflection observed was surprising} it is be­
lieved that, had the supports been of the roller 
type, the bar probably would not have broken.
#*Shrinkage cavities were observed in the fracture.
Microstructures
The attached photographs show the microstructures 
of annealed samples. The pearlite has completely dis­
appeared, and there is a small layer of secondary 




Figures 60 and 61. Magnified xlOO. 




Attempts were made gradually to reduce the amount 
of inoculant in order to reduce the silicon content 
which was already high in the base iron. The follow­
ing additions were made in the order listed to a 100-lb 
heats
Magnesium alloy........... 3.0 lb
Ferrosilicon.............   0,6 lb
Chemical analysis was made for silicon alone:
Treated Untreated
(Percent) (Percent)
Silicon     2.4 2.3
Mechanical Properties
Treated Untreated
Brinell hardness       245 260
Transverse load, lb.......... 6,420 2,730
Tensile strength, pei..  83,400 53,300
Elongation, percent.......... 2.5 0
Reduction in area, percent... 0 0
Microstructure
1 Some reduction in ferrite can be observed in the
treated sample. The increase in pear 11 te is due to 
less silicon content. There is more scope for increase 
ing pearlite.
(Please see Figs. 62 and 63).
2 8




Same as in Experiment Ho, 10.
Two wheels were cast out of this heat and, as in 
Experiment Ho. 9-A, tests were performed to examine 
the chill produced. Results are as followss
T reated  u n tre a te d
Chilled tread ...........  252 260
Flange .... 250 260
Web. ..............   250 255
Hub........ .... ........... 245 250
Here, again,' we see that chilling had little ef­
fect on the hardness values. A further reduction in 
the silicon content must be made.
M icro stru c tu re
The microstructure of the chilled face shows a 






Fig. 6 4. Magnified xlOO. 
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Figures 65 and 66. Magnified xlOO. (See text 
of Experiment No. 11).
EXPERIMENT NO. 11
Heat Data
F e rro s ilic o n  was fu r th e r  reduced to  keep th e  
s i l ic o n  down*
To a 10 0 -lb  m elt the  fo llow ing  were added:
Magnesium a l lo y  .........*. 3 lb
Ferrosilicon............... J lb
The s i l ic o n  c o n te n ts  o f  th e  two iro n s  were as 
fo llo w s:
T reated  U ntrea ted
(P ercen t) (P ercen t)
S i l ic o n .............................................. 2*3$ 2*33
Mechanical Properties
Treated Untreated
Brin ell hardness .
Transverse load, l b * . ............. ..
Tensile strength, pal........
Elongation, percent  .....
Reduction in area, percent...
Microstructures
(Please see  the attached photographs Nos. 65 and
66).
There is not much beneficiation in the matrix 
which is equally as pearlitic as the previous one.
Comment
There is not much opportunity to decrease the 
silicon by keeping the inoculant down. An attempt 
should be made to decrease the silicon introduced 














Same as In Experiment No * 11.
Chill test bars were cast in the sand with one 
face chilled#* The following are the results of hard­
ness teste on the sections:
Treated Untreated
Chilled face.......... 286
0.1 in* away...... 284
0.2 in. n 284
0.3 in. » 280
0.5 in. If 277
0.7 in. It # ........ 255 270**
1.0 in. « 250**
1.5 in. ft 265
2.0 in. » 265
Other end....... 270
*Thie test shows no improvement in the chilling 
properties of the iron*




Attempts were made to decrease the silicon enter- 
ing through the magnesium alloy.
To a 100-lb heat, the following were added}
Magnesium alloy    2.5 lb.
Ferrosilicon......     £ lb
Mechanical Properties
Treated Untreated
Brinell hardness..   272 265
Transverse load, lb........ 6,300 2,710
Tensile strength, psi.,.......66,800* 52,100
*A large shrinkage cavity was noticed.
Microgtructures
The structures shown are mostly ferritic, and, as 
better strengths are expected out of the pearlitic ma­
trix, structurally this iron is not very strong.
Comment
The iron treated so far was low in carbon and high 
in silicon, yielding mostly ferritic structures.
An attempt should be made to try chilling proper­






Figure 67. M agnified xlOO.
EXPERIMENT MO. 13
Heat Data
Attempts were again made to nodulize the same 
iron used in the first six heats. ‘This time, purite 
was procured from the Griffin Wheel Co. of Denver 
through the courtesy of Mr. Drake. Ten pounds of 
purite were added to a 1000-lb heat, the slag skimmed 
and 100 lb of iron were treated the usual way. The 
following additions were made?
Magnesium alloy. ........ 3 lb
Ferrosilicon.................. § lb
The chemical analysis was as follows:
Treated Untreated
Total carbon. ............. 3.42 3.48
Graphitic carbon........... 2.60 2.60
Silicon................ . 2.3 2.20
Sulphur..... ........... .. 0.04 0.06
Mechanical Properties
Treated Untreated
Brinell hardness   225 230
Transverse load, lb   4,890 2,150
Tensile strength, psl..  73,400 32,700
Elongation, percent.......... 3 0
Reduction in area, percent... j 0
Microstructures
The attached photographs (Nos. 68, 6 9, and 70), 
show the pearlitic matrix of the iron. Often the 
bull1s-eye structure is absent, and the nodules are 
completely surrounded by pearlite.
Comment
The low strength was obtained because of the in­
efficient skimming of the slag. The slag produced by 
purite was particularly slippery and could not be 
readily removed. The metal was poured with utmost 
caution without much time being spent on skimming, 




Same as in Experiment Ho. 13.
One test bar was annealed at 900° F for four 
hours and the furnace cooled.
Mechanical Properties
B r i n e l l  hardness............... 165
T r a n s v e r s e  load, l b . . . . . . . . . . . .  4 , 2 0 0
Tensile strength, psi......   66,400
Elongation, percent............ 9
Reduction in area, percent..... 5
Micro structure s
(See Fig. 71).
The peariite is broken up into carbon and fer­
rite. There is no flake graphite formed.
Comment
The annealing has produced a considerable elonga­
tion and reduction in area. Had the sample been 




Figure 71 . M agnified xlOO. z'
EXPERIMENT SO . 14
Heat Data
As it was now known that sulphur was the main 
reason for failures in the first six experiments, an 
attempt was made to remove it through the magnesium 
itself.
Five pounds of magnesium were added to 100 lb of 
metal, followed by 0.4. lb of ferrosilicon.
The chemical analysis was as follows:
Treated 
(Percent)
Total carbon. ..... ....., 3*20
Graphitic carbon..........  2.7
Silicon.........    3.1









Brinell hardness..........  201 245
Transverse load, lb..   3,780 2,140
Tensile strength, psi.....  57,900 32,300
Elongation, percent   3 O
Microatructure
The high silicon content has produced a struc­
ture which is pronouncedly ferritic.
Comment
The high silicon content has adversely affected 
the mechanical strength of the metal. Desulphuriza­
tion through magnesium is likely to raise the silicon 
content and thus decrease its properties. Soda ash 
desulphurization therefore should be preferred.
EXPERIMENT NO, ljf
Heat Data
In this experiment tellurium was tried to pro­
duce the chill which was not obtainable in previous 
experiments in low-carbon medium-silicon irons*
To a 100-lb heat the following Were added t
Magnesium alloy*.......... 1.5 lb
Ferrosilicon ........ 0.5 lb
Tellurium............   1.0 gm
Mechanical Properties
Brinell hardness................ 312
Transverse load, lb............. 7,630*
Tensile strength, psi,.......... 89,600
Elongation, percent. .....   2
♦This is the highest load sustained by any test 
in this work.
Microstructures
Hie accompanying photographs showed no adverse 
effect on nodulisation of graphite. There is more 
pearlite in the matrix.
Comment
This element can be used, if desired, in conjunc­










Same as in Experiment Ho. 15.
Chill wheel was cast out of this heat and later 
broken, sectioned, polished, and tested for hardness. 
The following results were obtained:
Chilled face  ...... 406
0,1 in. away.............  3B6
0.2 in. M...........   378
0.4 in. * .....  .. 355
0.6 in. * ......   345
0.8 in. »« .............  333
1.0 in. "........   310
1.25 in. « ......  232
1.5 in. « ......   210
1.75 in. »  ....  288
2.0 in. " ........... 290
Sand cast face. .....  309
Comment
This test shows clearly the beneficial effect of 
tellurium on the chill formation. Many workers have 
reported that carbide stabilisers affect magnesium ad­





Figurea 7 A and 75. M agnified xlOO.
( See t e x t  o f  Experiment No. 15-A).
EXPERIMENT NO . 16
Heat Data
Ductile iron samples of the following composi­
tion mere obtained from the International Nickel 
Company*
Percent
Total carbon ♦. .... . 3 .47
S i l ic o n  . . ............. 3 .41 '
M a n g a n e s e . . . . . . . . . . ............. . 0.34
Phosphorus............. .......... .. 0 .044
Nickel.................. . 0.94
Mechanical Properties
Brinell hardness.......   235
Tensile strength, psi.........  82,600
Elongation 7
Reduction in area, percent......
Micro s tructurea
(Please see Figs. 76, and 77, on the next page.
Etched Unetched
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Figures 76 and 77 . M agnified xlOO. M icrostruc­
tu re  o f nodular iro n  obtained from  the In te r ­
n a tio n a l N ic k e l Co.
SUMMARY OF TJffi EXPERIMENTAL WORK
The experiments described in. the previous pages laid themselves 
to many important conclusions. Although the author had no control 
on the chemistry of the iron, sufficient variation in the composition 
occurred which made possible the correlation of results with the 
chemical composition of the iron.
The earlier part of the work is marked by a lack of response to 
the treatment. A high sulphur content averaging 0.09 percent was the 
main cause of this failure. When the iron was desulphurised by 
purite, it lent itself readily to nodulisation. A more thorough skim­
ming of the slag resulting from such treatment will give a cleaner 
iron and hence better physical properties.
In this part of the work a medium carbon (3.5 percent) medium 
silicon (2.0 percent) Iron was tried. In the first six experiments 
it is seen that untreated iron was much superior to the treated iron.- 
This probably can be explained on the basis that the treatment with 
magnesium nullified the effect of SMZ Inoculation done at the cupola 
spout, and in the absence of nodular graphite, it made the iron 
worse.
In  th e  e a r ly  experim ents a h ig h er carbon e q u iv a le n t was sought
to reach the hypereutectic composition. Carbon powder and exothermic 
silicon employed for that purpose raised the carbon and silicon con­
tent but to a very small extent. Later experiments proved that such 
an addition is not necessary and that a low carbon equivalent iron 
can be nodullsed.
The first successful noduliaation was done on a low carbon 
(2.65 percent) and medium silicon (2.2 percent) iron which was low in 
sulphur. Attempts were made to study the effect of variation in sili­
con content which was increased through the inoculating ferrosilicon. 
Higher silicon content irons were more ductile in as-cast condition 
and became completely ferritic on a short anneal. These irons were 
difficult to chill as can be seen from the completely ferrito- 
graphitic structure on the chilled faces of these chill-test bars. 
Lower silicon contents responded to chill, and in chill-test bars 
they produced a white dementitic structure from the chilled end to the 
sand cast face —  due to the section of the bar (J inch)•
Pronounced shrinking marked all the castings in this type of 
iron. Low castabillty due to the composition and the chilling ef­
fect of the magnesium addition and the inoculant lowered the fluidity 
of the iron still further. This not only produced cold shut castings 
but also resulted in poor feeding and consequently in large cavities. 
Almost ftil the arbitration bars, and some of the wheels, could have 
shown better properties had the iron been sufficiently hot.
Reverting again to the medium carbon and medium silicon irons, 
it was observed that cast&bility and fluidity were much better than 
in low carbon and medium silicon irons. The chills produced by such 
•an iron were excellent, in spite of the high silicon content in the
resulting iron (3.1 percent). However, the high sulphur which could 
not be avoided made large introductions of the magnesium alloy nec­
essary, thus resulting in high silicon pick-ups. As can be seen by 
the properties obtained, such a high silicon content is not conducive 
to  high properties. On the whole, better and sounder castings could 
be made with such an iron principally because of its fluidity.
The sta tem en t th a t  in c re a s in g  carbon c o n ten ts  in  nodu lar iro n  
promote in c re a s in g ly  improved p ro p e r tie s  could n o t be v e r i f ie d .  For 
such a v e r i f i c a t io n  a  number o f  h ea ts  o f  ap p rec iab le  q u a n tity  o f 
m etal w i l l  have to  be t r e a te d  and c a s t .  On th e  whole, i t  can be sa id  
th a t  i f  la rg e r  amounts o f iro n  be t r e a te d ,  a l e s s  c h i l le d  i ro n ,  a de­
creased  consumption o f a l lo y ,  and a c le an e r m etal would thereby  
r e s u l t .
Effect of inoculation, or lack of it, could be observed quite 
thoroughly from the experiments. In the early experiments exothermic 
silicon and carbon were added after the treatment without any appre­
ciable benefit. In Experiment No. 6, the same amount of magnesium 
was added without any nodulization as was added in Experiments 
Nos. 12, 13, and 14 resulting in nodular iron. The only difference 
was that in the former no inoculant was added, and in the later ones 
ferrosilicon was added as the post-treatment inoculant. In the low- 
carbon, raediuo-ailicon range one heat was cast without inoculation, 
and the results were not much different from those wherein inocula­
tion was made, except that difference resulting from smaller percent­
ages of silicon in the former. The contention that post-treatment 
inoculation helps decompose the metastable carbides can therefore be 
sustained on the basis of this evidence.
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An attempt to correlate the physical properties with number, 
size, and dispersion of graphite nodules has been made. For this pur­
pose heats with the same silicon content, and same carbon content have 
been chosen. On the face of the evidence gathered, a trend seems to 
exist towards slightly better physical properties with smaller 
nodules, more thoroughly dispersed. It is interesting to note that 
increase in graphitic carbon does not deteriorate the strength of the 
iron as it does in ordinary irons.
There has been considerable controversy over the effect of sircon- 
ium on the nucleation by magnesium. The iron available at one of the 
foundries was always treated with S1AZ, and it was thought that prob­
ably this, in addition to sulphur, was responsible for the lack of 
nodulisation. However, some nodular heats have been obtained with the 
addition of magnesium, much in excess over the usual requirements for
ithat sulphur content. It can be said that any pre-inoculation with 
BUZ may increase the amount of magnesium needed to bring about the 
nodulization.
Experimental wheels cast out of some of the heat's were generally 
sounder than test bars, but could be further improved by casting 
larger heats in moulds provided with more feedpool and more risers, 
at a higher temperature. A careful control on the silicon content will 
be necessary, excess of which will prevent chilling and produce ferritic 
structure instead of a stronger pearlitic one. Too little of it has 
been seen to produce completely chilled masses.
Of the two elements tried, to assist in producing chill, tellurium 
was found to be very successful. Producing a chill of J inch in a high 
silicon iron did not have any adverse effect on the nodulination pro-
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cedure as is true of many other carbide stabilisers.
Short anneals of one hour at 1600^ F produced a completely 
ferritic structure in all magnesium-treated irons. An untreated iron 
under similar treatment showed very little change. The nodules of 
the graphite under higher magnification showed a layer of secondary 
*“ graphite resulting from the decomposition of pearlite. This relative 
Instability of pearlite may be due to the increased silicon content 
in treated iron.
Longer anneals at below suboritical temperatures produced a more 
ductile iron. The transverse bars after such treatment showed a sur­
prising deflection before breaking. It is believed that, had they not 
been porous due to shrinkage cavities, they probably would not have 
broken at all. It is suggested that roller bearing supports should be 
employed to test this material under transverse load. On the whole, 
annealed specimens showed a better performance under tensile stress 
than unannealed ones. Not only was their elongation higher but also 
the tensile strength. This result, however, should be carefully con­
sidered in the light of porosity In castings, which was quite marked 
in some.
